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human genome project 

a-hydroxyisobutyric acid 
hydrophobic-interaction chromatography 
hydrophilic-interaction chromatography 
histidine 

hexamethonium 

high-performance anion-exchange chromatography 
hydroxypropylcellulose 

high-performance capillary electrophoresis 
high-performance liquid chromatography 
hydroxypropylmethylcellulose 
hydroperoxyoctadecadienoic acid 
high-performance size-exclusion chromatography 
high-performance thin-layer chromatography 
8-hydroxyquinolinesulfonate 

high-resolution gas chromatography 
high-resolution mass spectrometry 
headspace 

human serum albumin 

high-speed gas chromatography 
hexdecyltrimethylammonium 
high-throughput screening 

hydroxyproline 

hertz 


ion chromatography 

isotope-coded affinity tag 

inductively coupled plasma 

ion cyclotron resonance 

internal diameter 

iminodiacetic acid 

1-methoxycarbonylindolizine 3,5-dicarbaldehyde 
ion-exchange chromatography 
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isoelectric focusing 

immunoglobulin G 

isoleucine 

immobilized-metal-ion affinity chromatography 
ion-moderated partitioning 

inch = 2.54cm 

inositol phosphate 

ion pair 

isopycnic centrifugation 

immobilized pH gradient 

infrared, isotope ratio 

inverse size-exclusion chromatography 
ion-trap mass spectrometry 
isotachophoresis 


kelvin 

kilobase pair = 10° base pairs 
kilodalton = 10° daltons 
3-deoxy-D-manno-octulosonic acid 
kilopascal = 10° pascal 


liter, lambert 

low-angle laser-light scattering 

linear alklbenzenesulfonate 

liquid chromatography 

liquid chromatography at the 

critical adsorption point 

liquid chromatography at the critical condition 
laser capture microdissection 

ligase chain reaction 

low-density lipoproteins 

ligand-exchange chromatography 

leucine 

laser-induced fluorescence 

laboratory information management system 
linear accelerating high-pressure collision cell 
liquid/liquid 

liquid/liquid chromatography 

liquid/liquid extraction 

limit of detection 

limit of quantification 

limit of spectroscopic identification 

linear polyacrylamide 

lysophosphatidic acid 

low-resolution mass spectrometry 
liquid/solid chromatography 
light-scattering detector 


Mbp 
M-chamber 
MC 

MCA 
MCIC 
MCT 

MD 

MDA 
MDEA 
MDGC 
MDMA 
MDMAES 
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liquid secondary-ion mass spectrometry 
lysine 


molar 

meter 

micro 

micro liquid chromatography 
methamphetamine 

milliampere = 10-7 A 

microampere = 10 ° A 
magnetic-activated cell sorting 
microplate-array diagonal gel electrophoresis 
microwave-assisted extraction 
monoacylglycerol 

matrix-assisted laser desorption ionization 
multi-angle light scattering 
monoacetylmorphine 

monobromobimane 
N-methylbenzoxodialolylbutanamine 
megabase pair = 10° bp 

micro-chamber 

methylcellulose 

metal chelate affinity 

metal chelate interaction chromatography 
mercury-cadmium telluride 
multi-dimensional 
methylenedioxyamphetamine 
methylenedioxyethylamphetamine 
multi-dimensional gas chromatography 
methylenedioxymethamphetamine 
mono(dimethylaminoethyl)succiny1 
methyl 

micellar electrochromatography 
micro-emulsion electrokinetic chromatography 
micellar electrokinetic capillary chromatography 
micro-electromechanical system 
4-mercaptoethylpyridine 
morpholinoethane sulfonate 

methionine 

milliequivalent = 10°* equivalent 
microequivalent = 10 ° equivalent 
morphine glucuronide 
membrane-introduction mass spectrometry 
minutes 

microwave-induced plasma, molecularly imprinted polymer 
molecular imprint solid-phase extraction 
milligram = 1077 g 

milliliter = 107° L 
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pL microliter = 10° L 

mm millimeter 10°-* M 

pm micrometer = 10° m 

mM millimolar 10°* M 

pmol micromol = 10 ° mol 

MMS micromembrane suppressor 
MOPS 3-(N-morpholino)propanesulfonic acid 
MP medium pressure 

MPa megapascal = 10° Pa 

MP methyl prednisolone 

MPS methyl prednisolone hemisuccinate 
MRA mass-rate attenuator 

MRM multiple-reaction monitoring 
mRNA messenger RNA 

MS mass spectrometry 

Ms" multiple mass spectrometry 

MSA methanesulfonic acid 

msec millisecond = 10°? sec 

MS/MS tandem mass spectrometry 

MSs" multiple mass spectrometry 
MSPD matrix solid-phase dispersion 
wTAS micro total analysis system 
MTBA methyl tetrabutyl ether 

MUX multiplex 

mV millivolt = 10-7 V 

mW milliwatt = 10°-* W 

mw molecular weight 

MWD molecular mass distribution 

mu mass units 

N 

N normal 

nA nanoampere = 10° ampere 
NADP nicotinamide adenine dinucleotide phosphate 
NBP norbuprenorphine 

NC norcodeine 

NCA N-carboxyanhydride 

N-chamber normal chamber 

NCI negative chemical ionization 
NDA naphthalene 2,3-dicarboxaldehyde 
NEFA nonesterified fatty acids 

NG nitroglycerin 

ng nanogram = 10 ° g 

NICI negative-ion chemical ionization 
nL nanoliter = 10°° L 

nm nanometer = 10°? m 

NM normorphine 

NMIFA non-methylene-interrupted fatty acids 


nmol nanomol = 10° ° mol 


oaTOF-MS 
OCEC 
OD 


PAN 
PANI 
PAR 
PATRIC 
PB 
PBA 
PBD 
PBDE 
PBS 
PC 
PCA 
PCB 


nuclear magnetic resonance 

natural organic matter 

nonylphenol 

normal-phase 

normal-phase chromatography 
nonylphenol carboxylates 
nonylphenol ethoxylates 
nitrogen/phosphorus detector 
normal-phase liquid chromatography 
non-steroidal anti-inflammatory drugs 
non-suppressed ion chromatography 
nitrilotriacetic acid 


olfactometry 

orthogonal-acceleration time-of-flight mass spectrometry 
open-channel electrochromatography 
outside diameter 

octylphenol 

o-phthaldialdehyde 

octylphenol carboxylates 
octylphenol ethoxylates 
overpressured-layer chromatography 
operational qualification 

overlapping resolution mapping 
open-tubular 

ovomucoid 


pascal = 107° bar 

picoampere = 10 '7 A 
pulsed-amperometric detector 
phthalate esters 

platelet-activating factor 
polyacrylamide gel electrophoresis 
photoacoustic spectrometry 
polycyclic aromatic hydrocarbons 
4-(2-pyridylazo)naphthol 
polyaniline 
4-(2-pyridylazo)resorcinol 
position- and time-resolved ion counting 
particle beam 

phenylboronic acid 
poly(butadiene) 

polybrominated diphenyl ethers 
phosphate-buffered saline 


planar chromatography, personal computer, poly(bisphenol A carbonate) 


principal component analysis 
poly(chlorinated biphenyls) 
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PCDD 
PCDF 
PCI 
PCR 
PCS 
PCSE 
PD 

pd 
PDA 
PDD 
PDDAC 
PDECD 
PDMA 
PDMS 
PDPID 
PEC 
PED 
PEEK 
PEG 
PEI 
PEMA 
PEO 
PETN 
PFB 
PFE 
PFPD 
ps 
PGC 
Ph 
PHB 
PHBV 
Phe 

PI 

pl 
PIBM 
PICES 
PICI 
PID 
pL 
PLE 
PLOT 
PMA 
PMD 
PMMA 
pmol 
PMP 
PMT 
PNB 
POP 


poly(chlorinated dibenzo-p-dioxins) 
poly(chlorinated dibenzofurans) 

positive chemical ionization 

post-column reagent, polymerase chain reaction 
photon correlation spectroscopy 

partially concurrent solvent evaporation 
polydispersity 

pressure-driven 

photodiode array 

pulse-discharge detector 
poly(diallyldimethylammonium) chloride 
pulsed-discharge electron-capture detector 
poly(N,N-dimethylacrylamide) 
poly(dimethylsiloxane) 

pulsed-discharge photoionization detector 
pressurized capillary electrochromatography 
pulsed-electrochemical detector 
poly(ether ethyl ketone) 

poly(ethylene glycol) 

poly(ethylene imine) 
poly(ethylmethacrylate) 

poly(ethylene oxide) 

pentaerythritol tetranitrate 
pentafluorobenzoyl 

pressurized-fluid extraction 

pulsed flame-photometric detector 
picogram = 107 !?g 

porous graphitic carbon 

phenyl 

poly(3-hydroxybutyrate) 
poly(3-hydroxybutyrate-co-3-hydroxyvalerate) 
phenylalanine 

polyisoprene 

isoelectric point 
poly(isobutylmethacrylate) 

passive in sifu concentration/extraction sampler 
positive-ion chemical ionization 
photoionization detector 

picoliter = 107!? L 

pressurized-liquid extraction 

porous-layer open-tubular 
poly(methacrylate) 

programmed multiple development 
poly(methylmethacrylate) 

picomol = 107!? mol 
1-phenyl-3-methy]-5-pyrazolone 
photomultiplier tube 
p-nitrobenzylhydroxylamine 

persistent organic pollutants 


QAP 
QqQ 
QSAR 
QTOF-MS 
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parts per billion = 10 ° parts 
pharmaceuticals and personal-care products 
parts per million = 10° © parts 
parts per trillion = 107!” parts 
poly(propylene oxide) 

parts per quadrillion = 107 !> parts 
propyl 

proline 

prion protein 

polystyrene 

phosphatides 

pounds per square inch = 51.77 torr 
phosphatidylcholine 
phosphatidylinositols 
poly(tetrafluoroethylene) 
phenylisothiocyanate 
programmed-temperature vaporizer 
polyunsaturated fatty acids 
poly(vinyl alcohol) 

poly(vinyl acetate) 

poly(vinyl chloride) 
poly(vinylidene fluoride) 
poly(vinylpyrrolidone) 


quaternary ammonium phosphates 

triple quadrupole 

quantitative structure/activity relationships 
quadrupole time-of-flight mass spectrometry 


recombinant 

restricted access medium 

Reference 

radiofrequency 
restriction-fragment-length polymorphism 
refractive index 

radio-immuno assay 

refractive-index detector 

ribonucleic acid 

ring-opening metathesis polymerization 
reversed-phase 

reversed-phase chromatography, rotation planar chromatography 
rotations per minute 

radio-receptor assay 

relative response factor 

relative standard deviation 

retention time 

real-time polymerase chain reaction 


S 

S siemens 

SAMBI a-methylbenzyl isothiocyanate 

satd. saturated 

SAX strong-anion exchange 

SB short-bed 

SB sulfobetaine 

SBSE stir-bar sorptive extraction 
S-chamber sandwich chamber 

SCD sulfur chemiluminescence detector 
SDE simultaneous steam distillation/solvent extraction 
SCAN sample concentrator and neutralizer 
SCOT support-coated open-tubular 

SCX strong-cation exchange 

SD standard deviation 

SDA strand displacement amplification 
SDM stoichiometric displacement model 
SDS sodium dodecyl sulfate 

sec seconds 

SEC size-exclusion chromatography 

SEEC size-exclusion electrochromatography 
SELDI surface-enhanced laser-desorption ionization 
Ser serine 

SERS surface-enhanced Raman spectroscopy 
SFC supercritical-fluid chromatography 
SFE supercritical-fluid extraction 

SGC solvating gas chromatography 

SIC self-interaction chromatography 

SIC suppressed-ion chromatography 

SID surface-ionization detection 

SIM single-ion monitoring, selected-ion monitoring 
SIMS secondary-ion mass spectrometry 
SLAB inter-laboratory standard deviation 
SLE solid/liquid extraction 

SLM supported-liquid membrane 

SM sphingomyelin 

SMA steric mass action 

S/N ratio signal-to-noise ratio 

SNEIT 1-(1-naphtyl)-ethyl isothiocyanate 
SNP single-nucleotide polymorphism 

SPC sulfophenylcarboxylate 

SPE solid-phase extraction 

SPMD semi-permeable membrane device 
SPME solid-phase micro-extraction 

SPR surface plasmon resonance 

sq. square 

SRM selective reaction monitoring 

SRS self-regenerating suppressor 


SSCP single-strand conformation polymorphism 
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SSDNA single-stranded DNA 

SSO sequence-specific oligonucleotide 

STP sewage treatment plant 

STR short tandem repeats 

T 

T thymine 

TAG triacylglycerol 

TAPS 3-tris[(hydroxymethyl)methylamino] 1-propanesulfate 
TAS total analysis system 

TBA tetrabutylammonium 

TBMB (S)-(+)-2-tert-butyl-2-methyl-1,3-benzodioxole 
TBP tributyl phosphine 

TBQCA 3-(4-tetrazolbenzoyl) 2-quinolinecarboxyaldehyde 
TBE Tris/borate/EDTA 

t-BOC N-tert-butyloxycarbony] 

tert-BOOH tert-butyl hydroperoxide 

TCA trichloroacetic acid 

TCD thermal conductivity detector 

TCDD tetrachlorodibenzo-p-dioxin 

TEA thermal-energy analyzer 

TEAA triethylammonium acetate 

TEAF triethylammonium formate 

TEAP triethylammonium phosphate 

TED triscarboxymethyl ethylenediamine 

TEMED N,N,N’,N’-tetramethylethylenediamine 

temp. temperature 

TEPA tetraethylenepentamine 

TFA trifluoroacetic acid 

TFC turbulent-flow chromatography 

TFE trifluoroethanol 

TGGE temperature-gradient gel electrophoresis 
TGIC temperature-gradient interaction chromatography 
THC tetrahydrocannabinol 

THCA tetrahydrocannabinolic acid 

THCCOOH 11-nor-A?-tetrahydrocannabinol 9-carboxylic acid 
THF tetrahydrofuran 

Thr threonine 

TIC total-ion chromatogram 

TIE toxicity identification evaluation 

TID thermionic ionization detector 

TLC thin-layer chromatography 

TMAE trimethylaminoethy] 

TMAOH trimethylammonium hydroxide 

TMS trimethylsilyl 

TMSO trimethylsiloxy 

TNP trinitrophenyl 

TNT trinitrotoluene 


TOF-MS time-of-flight mass spectrometry 


XXVIII 


TPA 
Tris 
TRITC 
Trp 
TSI 
TTA 
Tyr 


U-chamber 
UV 


tetrapentylammonium 3-[tris(hydroxymethyl) methylamino] 1-propanesulfate 
tris(hydroxymetyl)aminomethane 

tetramethylrhodamine isothiocyanate 

tryptophan 

thermospray ionization 

tetradecyltrimethylammonium 

tyrosine 


uracil 

universal calibration curve 
ultra-micro chamber 
ultraviolet 


volt 

valine 

vinylbenzyl chloride 

visible range 

variable number of tandem repeats 
volume 

2-vinylpyridine 
volume-by-volume 

Van Willebrand Factor 


watt 

wall-coated open-tubular 
weight-by-weight 
whiskered-wall-coated open-tubular 


halogenated nonylphenols 
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List of Italic Symbols 


(Subscripts and superscripts are not always listed) 


A 
a activity 
. surface area of the stationary phase 
Aw surface area of phase k 
B 
Bo chromatographic permeability 
b ion-binding coefficient 
Cc 
Cc concentration 
C; counter-ion concentration 
Cn, Cu solute concentration in the mobile phase 
C,, Cs solute concentration in the stationary phase 
COF chromatographic optimization function 
CRF chromatographic response function 
CRS chromatographic resolution statistic 
D 
D diffusion coefficient, diffusivity, displacing ion 
Dhyp energy of the hydrogen bond 
Du diffusion coefficient in the mobile (gas) phase 
d dimension 
d. diameter of the channel 
deol column diameter 
disnn connector diameter 
duet flow-cell diameter 
dy stationary-phase film thickness 
dp particle diameter 
E 
E electric field strength 
e charge on an electron 
F 
F Faraday constant, net flow-rate 
Ifo frictional ratio 
G 
G Gibbs free energy 
AG change in free energy 
g surface tension, activity coefficient 
g(r) pair distribution function 
H 
H column efficiency, plate height, enthalpy 


M, 
m/z 

Ms 
m(subscript) 


minimum plate height 
reduced plate height 


ionic strength, ionization energy 
zero-order modified Bessel function 
inverse sum of resolutions 


mass flux 


equilibrium constant 

affinity constant 

binding constant 

distribution coefficient, dissociation constant 
salting-out constant 

capacity factor (obsolete) 

retention factor, Debye screening parameter 
Boltzmann constant 

rate constant for desorption 

distribution coefficient 

rate constant for transfer from stationary to mobile phase 


length, distance 
column length 
connector length 
flow-cell length 


molecular mass 

molecular mass 

viscosity-average molecular weight 
number-average molecular weight 
molecular radius 

weight-average molecular weight 
z-average molecular weight 
mass-to-charge ratio 

molality of the salt 

mobile phase 


plate number, Avogadro’s number 

number, mole number, peak capacity, molecular area 
normalized product of resolutions, non-porus resin 
number of peaks resolved 


pressure 
solvent polarity parameter 
critical pressure 

eluting pH 


ion-exchange capacity, polydispersity 
group adsorption energy 

volume ratio 

net charge of a protein 


r(subscript) 


lg 


Thb 

lp 

S 

S 

s, S(subscript) 
Sig 

Se 

Ss 

Sj 


a i es 


radius, gas constant, response, coefficient of correlation 
viscosity-based Stokes radius 

relative rate of migration 

radius of gyration 

resolution, Stokes radius (frictional coefficient) 
Reynolds number 

retention index 

radius, radial coordinate, mass, separation distance 
resin phase 

radius of gyration 

separation distance of the hydrogen bond 

particle radius 


sensitivity, solubility, entropy 
stationary phase 

signal 

saturation grade 

molal surface tension 

solvent strength 

selectivity value 


absolute temperature 

compensation temperature, critical temperature 
time 

time zero, elution time of nonretained solute 

time due to micellar electrokinetic chromatography 
retention time 


molecular inhomogeneity, voltage, internal or potential energy 
sum of the internal energies 

internal energy of dispersion forces 

internal energy of hydrogen-bonding forces 
internal energy of dipole induction forces 
internal energy of ion—ion forces 

internal energy of ion-induced dipole forces 
internal energy of ion—dipole orientation forces 
internal energy of dipole orientation forces 
solvent velocity 

carrier flow-rate, linear velocity 

optimum flow-rate 

radial velocity 


molar volume, molal volume 
detection volume 

injection volume 

volume of the mobile phase 
interstitial volume, void volume 
pore volume 

retention volume 

volume of the stationary phase 
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total volume 

velocity, molar volume 

velocity due to electro-osmosis 

velocity due to electrode potential 

total velocity 

velocity due to micellar electrokinetic chromatography 


weight, water solubility, zone width 
width at the base 
width at half-height 


mole fraction 
distance 


charge, charged species 
electronic charge 
solvent front travel 
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List of Greek Symbols 


(Subscripts and superscripts are not always listed) 


a selectivity factor, degree of dissociation, polarizability 
B phase ratio, buffering power 

A difference 

3 Hildebrand solubility parameter 

8 overall solubility polarity 

3m mobile-phase strength 

3s stationary-phase solubility parameter 

€ permittivity 

Eo permittivity of vacuum 

Ej intra-particle porosity, interstitial porosity 
ey relative permittivity, dielectric constant 
Et total porosity 

Eu inter-particle porosity 

e° solvent strength 

®d phase ratio 

ob volume fraction 

7 fraction of extra-column variance 

r preferential-interaction parameter 

y activity coefficient, tortuosity factor 

n viscosity 

@ fraction of modifier in the mobile phase 
K solvent velocity, Debye length 


Ko conductance of an open capillary 


Kp ; conductance of a packed capillary 

K Debye length 

A salting-in coefficient, binding capacity 

r ionic equivalent conductance, mean free path, packing-structure constant 
we mobility, chemical potential, dipole moment, ionic strength 
[Lo standard-state chemical potential 

Mep electrophoretic mobility 

p density 

Pe critical density 

Pr reduced density 

o surface charge density, surface-tension increment 

o variance 

on steric factor, standard deviation 

Op charge density on the protein surface 

Oy standard deviation in volume units 


Qo salting-out coefficient 
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T exponential time constant 
Vv shape factor 
Wp solvent association factor 


C zeta potential 
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Foreword 


A prerequisite for a meaningful study of the chemical and biological properties of a 
given molecule or particle is that the sample is homogeneous. If it is not, one can only 
determine the properties of the mixture, which may be of little interest. Therefore, the 
importance of high-resolution separation methods for both analytical and (micro)pre- 
parative purposes is obvious and, accordingly, books like this have a place in life science, 
pharmaceutical, medical and many other types of laboratories. 

In general, forewords are focused on the importance of the particular subject the 
books deal with. However, chromatography is a very well-known and established 
separation technique and, therefore, it might be superfluous to give examples of its 
enormous potential. Instead, I will take another approach; namely, to emphasize the 
analogies between chromatography and other separation methods, such as electrophor- 
esis and centrifugation, rather than to discuss the dissimilarities. A common feature of 
these three methods is that the separations are based on differences in the migration 
velocity, v, of the sample constituents. Therefore, one can understand intuitively 
that there exists an equation (or more) which is valid for all of these methods, provided 
that the migration velocity is chosen as the independent variable. One of these 
equations is: 


ce cB. vB = yA (ct cP) 


where a and £6 are two phases separated by a moving DOHA At ce ane a are 


the concentrations of the ion j in the a and f phases, respectively; v;* and vp are the 
velocities of the ion j in the a and B phases, respectively; and v“? is the velocity of the 
moving boundary. 

From the mere existence of an equation which is universal for chromatography, 
electrophoresis and centrifugation one can conclude that any characteristic feature of one 
of these methods (say electrophoresis) has a counterpart in the other methods 
(chromatography, centrifugation). This finding is of fundamental importance, because 
as soon as a new technique has been developed in one of these differential velocity-based 
separation methods, one should start to develop the corresponding technique for the other 
analogous separation methods. The more methods that are available, the easier and faster 
one can purify, say, a protein, which is very important in proteomics studies. Similarly, 
any new phenomenon observed in one of these separation methods has its analog in the 
other methods. 

Ignorance of the analogy between different separation techniques has, unfortunately, 
delayed the progress of separation science and, thereby, also of life sciences and related 
areas. For instance, isoelectric focusing and indirect detection in electrophoresis were 
introduced as early as 1961 and 1967, respectively, but the chromatographic counterparts 
did not appear until 1977 and 1979. 
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Another example of lack of thinking about the analogy is the unfortunate exchange 
of the term displacement electrophoresis for isotachophoresis, which made Professor 
A.J.P. Martin, Nobel Prize Laureate and one of the pioneers in this field, dismayed. 
Perhaps commercial interests played also a role in this case, as they did when companies 
exchanged the term “continuous beds” for “monoliths”. A representative of a company 
admitted that this new notation is linguistically not correct, but “sells” better. Another 
reason for the misuse of terms is the lack of theoretical knowledge. Nor is it uncommon 
that a new term is introduced for an already existing technique, which may mislead the 
reader of the paper to believe that the author is the inventor. For instance, the well-known 
zone sharpening in electrophoresis (enrichment of a sample by transferring it into a dilute 
buffer) is often erroneously called “stacking” (enrichment by displacement electrophor- 
esis). I believe that this approach is seldom used consciously by the author to become 
recognized — rather it is likely that he was not aware that the method had been described 
earlier. However, it is common that this mode of action is consciously employed in 
commercial advertisements — ethically dubious tactics. 

Electrochromatography has gained much in popularity since the previous edition of this 
series was published. One reason might be that it is often wrongly stated that the 
electroosmosis in a packed bed generates a plug flow and, therefore, that the resolution is 
considerably higher than that in conventional chromatography. A higher resolution can be 
obtained if the pores in the beads are large enough to create an electroosmotic flow which 
transports the solutes through the beads faster than does diffusion. However, the resolution 
cannot be higher than that obtained in beds packed with nonporous beads. Homogeneous 
gels yield a perfect plug flow and are from that point of view the ideal electrochromato- 
graphic medium. Electrochromatography in such gels might be the only chromatographic 
method that can give a resolution comparable to that obtained in electrophoresis and 
should, therefore, be used more frequently. However, for project-scale separations 
chromatography is far superior to electrophoresis. 

Much effort is being devoted to improving the resolution of chromatographic media 
and, in some cases, one has succeeded in approaching the theoretical limit, i.e., the method 
cannot be improved much more. In such cases one should intensify the research on 
selective chromatographic techniques, which have the advantage to permit very fast 
purification of both low- and high-molecular-weight substances, as well as viruses and 
cells, such as bacteria, also for complex samples. The recently introduced “artificial 
antibodies” in the form of highly selective gel granules will, no doubt, play an important 
role for rapid one-step isolation of a given substance or bioparticle (by affinity 
chromatography), as well as for clinical diagnosis, for instance for detection of biomarkers 
for different diseases and as the sensing element in biosensors. 

With the introduction of the continuous beds (monoliths) and the homogeneous gels the 
prerequisite for high resolving chromatographic and electrochromatographic experiments 
in microchips was fulfilled. There are, accordingly, no restrictions on the choice of 
appropriate chromatographic, electrochromatographic or electrophoretic media. 
The crucial point is rather the design and the cost of the microchip. It will be interesting 
to see whether the hybrid microdevice will become an attractive alternative. 

This year it is one hundred years since Mikhail Semenovich Tswett presented at the 
Meeting of Warsaw Society of Natural Scientists his famous lecture “On a New Category 
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of Adsorption Phenomena and Its Application in Biochemical Analysis”. During the 
intervening years the chromatographic technique has continuously been refined and the 
resolution in analytical experiments is, in some modes, close to what is theoretically 
possible (see above), i.e., the performance of the column cannot be improved significantly. 
The situation resembles that in electrophoresis. Therefore, to attain an ultra-high 
resolution one can expect a trend toward appropriate combinations of these two methods 
or — as discussed above — toward the use of selective adsorption. 


STELLAN HJERTEN 
November 2003 Uppsala 
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Preface 


Although the fifth edition of this textbook, published in 1992, is still being bought, it is 
high time to bring out a completely revised new edition. Techniques, such as paper 
chromatography, countercurrent chromatography, and field-flow fractionation, have been 
eclipsed by more convenient, faster, more specific and sensitive methods of differential 
migration, and electronic technology has revolutionized every aspect of chromatography 
and electrophoresis. This will be the last edition of CHROMATOGRAPHY, not only 
because of my age, but because hard-copy books cannot compete with their electronic 
counterparts, which can be continuously updated and rapidly accessed. 

Again, I am proud to present a star-studded cast of authors, offering their extensive 
knowledge of specialized areas in analytical chemistry and ample leads for further 
reading. I have modified their contributions to avoid overlap as much as possible and to 
create a more uniform style. I have deleted such expressions as “see also, e.g., the reviews 
XY and references therein”, because most readers will realize that the authors have cited 
only a selection of references, some of which are review articles. As an editor of the 
Journal of Chromatography I have long fought a losing battle against lab slang, e.g., 
“hyphenated methods”, but I have not yielded to widely practiced abuses of grammar, such 
as changing transitive verbs to intransitive forms and vice versa (e.g., “to elute” and 
“to adsorb”) and confusing misnomers, such as “support”, or fuzzy terms, such as “phase”. 
Combined methods are not “hyphenated”; ion-exchange chromatography and 
size-exclusion chromatography are hyphenated. 

Each chapter has been refereed by another author of this book, and authors have 
checked the edited versions of their chapters, but I am ultimately responsible for the 
accuracy of the contents of the entire book. This includes lists of abbreviations and 
symbols and the subject index for the entire book. In the acronyms for the combination of 
methods (“hyphenation’’) I have used slashes instead of hyphens. All chapters were up to 
date in 2003, and some of the references will undoubtedly soon be outdated. Each chapter 
is either new or completely revised. Only five authors of the fifth edition have survived in 
the sixth edition. The chapters on Electrochromatography, Combined Techniques, 
Microfluidics, Instrumentation, Phytochemical Analysis, Forensic Applications, and 
Computer Resources are entirely new. Proteins are now treated in two separate chapters, 
one on chromatography and one on electrophoresis. 

As before, this book is divided into two parts: Part A deals with fundamentals and 
techniques of chromatography and electrophoresis, and Part B with their applications. The 
lists of abbreviation and symbols and the subject index are the same in both parts. I hope 
this textbook will serve the novice as an introduction to the vast literature in this branch of 
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analytical chemistry and give the experienced research scientist a perspective of activities 
outside his/her own laboratory. The last chapter in each part will probably be the first to 
become obsolete, but these chapters are, in my opinion, the most useful introductions to 
the practice of chromatography and electrophoresis. 


ERICH HEFTMANN 
Orinda, California 


Erich Heftmann (Editor) 
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Chapter I 


Theory of chromatography 
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1.1 INTRODUCTION 


In this chapter, the theoretical and fundamental background as broadly applicable to 
gas, supercritical-fluid, and liquid chromatography will be presented. A comprehensive 
treatment of the theory of chromatography would require several volumes to cover 
thoroughly all of the important topics. Hence, the present treatment must be limited in both 
scope and depth. The scope of the present treatment will be focused on the concepts of 
resolution, solute-zone dispersion or broadening, solute-zone retention and selectivity, and 
the consequent methods for optimization. For more detail on these or other theoretical and 
fundamental topics, the reader is referred to the many excellent texts [1-4]. 


1.2 RESOLUTION 


Ultimately, the goal of all chromatographic methods is to separate the individual 
components or solutes in the sample. The resolution, R,, is used to express the extent of 
separation between two adjacent solutes, 7 and 2 


R, = 2(tro — tri) (1.1) 
(w; + W2) 


where fp is the retention time and w is the width of each solute zone. The retention time 
is used for qualitative analysis, i.e. to determine the identity of the solute by comparison 
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with known standards. The peak height, h, or area is used for quantitative analysis, i.e. 
to determine the concentration of the solute by comparison with known standards. When 
the separation is incomplete, however, the retention time and height of the overlapped 
solute zones may be different from those of the individual zones. Table 1.1 shows a 
series of solute zones with the extent of separation ranging from severely overlapped 
(R, = 0.5) to resolved at the baseline (R, = 1.5). The errors in tr and h are summarized 
for each of the solute zones. It is important to note that the error in tp is always positive 
for Solute / and negative for Solute 2, because the overlap of the zones adds to the 
trailing edge of Solute / and the leading edge of Solute 2. However, the error in h is 
always positive for both solutes. The errors in fg and h are greater for Solute / than for 
Solute 2 when the zones are of equal height. This trend is observed because the zone for 
Solute / is slightly narrower than that for Solute 2, which provides less overlap and 
error. In general, a resolution of 1.0 is usually sufficient for qualitative analysis and a 
resolution of 1.5 or greater is needed for accurate quantitative analysis. Table 1.2 shows 
solute zones with the same resolution (R, = 1.0) but varying height ratios from 1:1 to 
16:1. It is apparent that the errors in both tr and A are more significant for the smaller 
zone. The errors become greater for the smaller zone (Solute 2) but become lesser for 
the larger zone (Solute /) as the height ratio increases. For large height ratios, resolution 
in excess of 1.5 may be needed for accurate qualitative and quantitative analysis of the 
smaller zone [5]. 

The peak width in Eqn. 1.1 is associated with the extent of solute-zone dispersion, 
which will be discussed in more detail in Sec. 1.3. The peak width is related to the plate 
number, N 


eee (1.2) 


where o is the standard deviation of the solute zone. For a symmetric Gaussian peak, as 
shown in Fig. 1.1, the standard deviation can be determined from the peak width at the 
baseline (w = 40) or the peak width at half-height (w;/2 = 2.3540). Accordingly, the 
plate height can be written as 


tr tr 
N= 16| + | =5.545( —*- (1.3) 
Ww Wij 


In general, the width at half-height can be measured with greater accuracy than the width 
at the baseline, especially if there is significant overlap of the solute zones. 

The retention time in Eqn. 1.1 is associated with the extent of solute-zone separation, 
which will be discussed in more detail in Sec. 1.4. The retention time is related to the 
retention factor, k, by 


pee (1.4) 
to 


where fo is the elution time of a nonretained solute. The retention factor is a normalized 
measure of solute retention that is independent of the column radius, length, and flow-rate. 
As such, it is more reliable and reproducible than retention time alone. It is also useful 


aN 


TABLE 1.1 
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EFFECT OF RESOLUTION ON THE ERROR IN RETENTION TIME (tr) AND PEAK HEIGHT 
(h) FOR CHROMATOGRAPHIC PEAKS OF EQUAL HEIGHT 


Resolution Peak height Error Error Error — Error 

hy:hg tri (%) tro (%) hy (%) hha (%) 

ITN 0.50 1:1 3.22 —141 22.7 13.3 
PN 0.75 1:1 0.241 —0.105 2.03 0.581 
JV 1.00 1:1 0.013 -—0.002 0.112 0.014 
KM 1.25 el 0.000 0.000 0.002 0.000 
AS 1.50 1:1 0.000 0.000 0.000 0.000 
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TABLE 1.2 


EFFECT OF RESOLUTION ON THE ERROR IN RETENTION TIME (tr) AND PEAK HEIGHT 
(h) FOR CHROMATOGRAPHIC PEAKS OF VARYING HEIGHT 


Resolution Peak height Error Error Error Error 

hythy tri (%) — tro (Fo) hy (%) ta (%) 

JM 1.00 1:1 0.013 —0.002 0.112 0.014 
La. 1.00 2:1 0.005 —0.005 0.056 0.027 
Nhe 1.00 4:1 0.003 —0.009 0.028 0.054 
Khe 1.00 8:1 0.003 —0.019 0.014 0.109 
J 1.00 16:1 0.003 —0.037 = 0.007 0.222 


to express the ratio of the retention factors for two solutes by means of the selectivity 
factor (a) 


a= = (1.5) 
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Fig. 1.1. Properties of the Gaussian distribution. w is determined by drawing tangents at the inflection 
point to measure width at the base; w1,2 is determined by measuring peak width at half of maximum 
peak height. 


where ky, > k,. The selectivity factor is a measure of the relative affinity of the mobile and 
stationary phases for two adjacent solutes. 

By substitution of Eqns. 1.3 to 1.5 into Eqn. 1.1, we obtain a useful expression for the 
resolution known as the Purnell Equation [1] 


N'2 7a 1 k 
R= (= )(a) 1.6) 


Although there are other valid expressions for the resolution derived with different 
assumptions [6], the Purnell Equation is relatively common and will be used throughout 
this chapter. The Purnell Equation clearly shows the relationship between the resolution 
and the retention factor, selectivity factor, and plate number. In Secs. 1.2.1 to 1.2.3, we 
will explore the effect of each of these parameters on the resolution and the quality of the 
separation. 
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1.2.1 Effect of plate number on resolution 


In Fig. 1.2A, a separation is shown for two solutes under standard conditions (k = 
3.0, a = 1.10, N = 3500, R, = 1.00). When the plate number is increased to 7000 with 
all other parameters remaining constant, the resolution increases to 1.42. This increase in 
resolution is shown in Fig. 1.2B. 

In order to examine the effect of plate number factor on resolution in a more 
quantitative manner, it is helpful to calculate the partial derivative of Eqn. 1.6 


aR, (“—)( k ) 7) 
aN 8N1/2 a 1+k : 


When this partial derivative is evaluated for the values of the parameters given above for 
Fig. 1.2A, the resulting magnitude is 1.44 x 10~*. In other words, a unit change in plate 
number is expected to cause the resolution to change by 0.0144%. In practice, the plate 
number is generally controlled by varying the particle diameter in packed columns, the 
diameter in open-tubular columns, and the column length. The effect of these parameters 
will be discussed in more detail in Sec. 1.3. 


1.2.2 Effect of retention factor on resolution 


In Fig. 1.2A, a separation is shown for two solutes under standard conditions (k = 
3.0, a = 1.10, N = 3500, R, = 1.00). When the average retention factor is increased to 
6.0 with all other parameters remaining constant, the resolution increases to 1.16. This 
increase in resolution is shown in Fig. 1.2C. 

In order to examine the effect of retention factor on resolution in a more quantitative 
manner, it is helpful to calculate the partial derivative of Eqn. 1.6 


aR, NM? (a1 1 ic 
ako 4 ( a ave) C8) 


When this partial derivative is evaluated for the values of the parameters given above for 
Fig. 1.2A, the resulting magnitude is 8.4 X 1077. In other words, a unit change in retention 
factor is expected to cause the resolution to change by 8.4%. In practice, the retention 
factor is generally controlled by varying the temperature in gas chromatography and by 
varying the mobile-phase composition or the temperature in liquid chromatography. These 
parameters will be discussed in more detail in Sec. 1.4. 


1.2.3 Effect of selectivity factor on resolution 


In Fig. 1.2A, a separation is shown for two solutes under standard conditions (k = 
3.0, a = 1.10, N = 3500, R, = 1.00). When the selectivity factor is increased to 1.20 
with all other parameters remaining constant, the resolution increases to 1.83. This 
increase in resolution is shown in Fig. 1.2D. 
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0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 
TIME (min) 


Fig. 1.2. Effect of retention factor, selectivity factor, and plate number on resolution. (A) k = 3.0, 
a= 1.10, N = 3500, R, = 1.00, (B) k= 3.0, a= 1.10, N= 7000, R, = 1.42, (C) k= 6.0, 
a= 1.10, N = 3500, R, = 1.16, (D) k = 3.0, a= 1.20, N = 3500, R, = 1.83. 


In order to examine the effect of selectivity factor on resolution in a more quantitative 
manner, it is helpful to calculate the partial derivative of Eqn. 1.6 


of, NE (LY k 9) 
da 4 \ar/\I+k , 


When this partial derivative is evaluated for the values of the parameters given above for 
Fig. 1.2A, the resulting magnitude is 9.17. In other words, a unit change in selectivity 
factor is expected to cause the resolution to change by 917%. In practice, the selectivity 
factor is generally controlled by varying the type of stationary phase in gas 
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chromatography and by varying the type of mobile and stationary phases in liquid 
chromatography. These parameters will be discussed in more detail in Sec. 1.4. 


1.2.4 Implications 


From the results shown above, it is apparent that resolution is influenced most by the 
selectivity factor (Eqn. 1.9), followed by the retention factor (Eqn. 1.8), and then by the 
plate number (Eqn. 1.7). This conclusion suggests the most effective order for optimizing a 
separation: First the selectivity is adjusted by choosing appropriate mobile and stationary 
phases for the solutes of interest. Next, the retention factors of the solutes are adjusted 
within a reasonable range (0.5 < k < 20) by means of the temperature or mobile-phase 
composition. Finally, the plate number is adjusted to provide the required resolution for 
the separation. 

It is important to note that the parameters that influence resolution are under our direct 
control in an experimental system. If we develop an understanding of the physical and 
chemical processes occurring on the column, the separation of solutes becomes a 
systematic science rather than a trial-and-error process or art. In the foreword to Dynamics 
of Chromatography, Giddings observed [2]: 


Theory (when correct) and experiment (if carefully executed) describe 
the same truths. The science of chromatography requires both 
approaches if it is to grow in proportion to the demands made on it... 
If some attempt is not made by the field’s active workers to correlate the 
two, the study of chromatography will be in danger of becoming, on one 
side, an unrelated array of tens of thousands of separate facts and 
observations and, on the other side, a meaningless set of mathematics. 


In order to facilitate this correlation between theory and experiment, we will discuss in 
detail the principles of solute-zone dispersion and separation. The principles of solute- 
zone dispersion, which govern the plate number, are discussed in Sec. 1.3. The principles 
of solute-zone separation, which govern the retention factor and selectivity factor, are 
discussed in Sec. 1.4. With this detailed understanding, we can undertake the systematic 
optimization of separations, as established in Sec. 1.5. 


1.3 PRINCIPLES OF SOLUTE-ZONE DISPERSION 


In order to understand the concept of resolution, it is important to consider the 
dispersion or broadening of solute zones along the column. The classical description of 
dispersion was based on the “plate theory”, originally developed by Martin and Synge [7] 
and described in many texts [2,8]. Although this model is simple and easily understood, it 
does not offer sufficient physical insight about the effects of column dimensions, flow-rate 
etc. For this reason, we will rely on the “rate theory”, which provides a more realistic and 
accurate model of dispersion processes [2]. In chromatographic systems, all molecular 
motion arises from two sources: diffusion and flow phenomena. We will consider the 
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fundamental aspects of these processes separately before describing their influence on 
solute-zone dispersion. 


1.3.1 Diffusion phenomena 


Because of their kinetic energy, all molecules undergo random Brownian motion. This 
random motion can lead to a net migration or flux of molecules in a system that has a 
difference in concentration, temperature, pressure, etc. For a gradient in concentration, C, 
with respect to distance, x, the mass flux of solute per unit area, J, is given by Fick’s first 
law [9] 
pa Bee (1.10) 

dx 
This equation shows that the mass flux is proportional to the concentration gradient, but in 
the opposite direction. In other words, the solute molecules will migrate from a region of 
higher concentration to lower concentration. The proportionality constant is called the 
diffusion coefficient, D, which is characteristic of the solute and the medium in which it is 
diffusing. Fick’s second law is given by 

2 

oe =D ia (1.11) 
dt dx? 
where ¢ is the time and all other variables are as previously defined. This equation states 
that the temporal rate of change in concentration is proportional to the spatial rate of 
change in the concentration gradient. Again, the constant of proportionality is the diffusion 
coefficient. For a discrete source, as we might have in elution chromatography, a solution 
to Fick’s second law is 


G ; =x (1.12) 
= ex 2 
AaDy2 P\ adi 


This equation can be compared with a normalized Gaussian function 


ee =e ila 
Qno2y2 P\ 95? 19) 


It is apparent that diffusion from a discrete source leads to a Gaussian distribution, where 
the variance is given by the Einstein Equation [10] 


o” = 2Dt (1.14) 


This relationship is shown in Fig. 1.3, where the dispersion increases with the diffusion 
coefficient or with time. For a continuous source, as we might have in frontal 
chromatography, a solution to Fick’s second law is 


C (1 ert % )) (1.15) 
2 2(Dt)'/2 
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Fig. 1.3. Diffusion from a discrete source (elution chromatography) with varying values of the 
product of diffusion coefficient, D, and time, t. (A) Dt = 0.00, (B) Dt = 0.01, (C) Dt = 1.00, 
(D) Dt = ». 


Thus, diffusion from a continuous source leads to a sigmoidal distribution. This 
relationship is shown in Fig. 1.4, where the dispersion increases with the diffusion 
coefficient or with time. 

Diffusion coefficients have been measured for a large number of solutes and solvents 
[11,12]. However, as many solutes of interest have not been measured, it is necessary to 
have a reliable means to estimate diffusion coefficients. Both theoretical and empirical 
relationships have been used for this purpose. In the gas phase, a number of theoretical 
relationships have been derived. The Hirschfelder—Bird—Spotz Equation [13,14] is 
representative of those derived from the kinetic theory of gases 


Dap 


1.86 10°379/2 / 1 1 \!/2 
Exanorlt ( ) (1.16) 


PdapQap Ma | Mg 


where p is the pressure, T is the absolute temperature, Species A is the solute (infinite 
dilution), Species B is the solvent (bulk), M is the molecular weight, 5a, is the minimum 
distance between A and B when they collide with zero kinetic energy, and Og is a 
function of the temperature and the intermolecular potential field between A and B. This 
equation has a firm theoretical foundation and provides an accurate estimation of 
the diffusion coefficient. However, the molecular parameters 5ap and Ogg are difficult 
to determine, and the temperature dependence is known to vary from the power of 
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Fig. 1.4. Diffusion from a continuous source (frontal chromatography) with varying values of the 
product of diffusion coefficient, D, and time, ¢. (A) Dt = 0.00, (B) Dt = 0.01, (C) Dt = 1.00, 
(D) Dt = ». 


1.5 to 2.0 [14]. A more practical approach is the empirical equation developed by Fuller 
et al. [15] 


OOK OC Os ee sn Ane 
‘AB 173 i33\uM,° uM (1.17) 
POva” + dg") A 7 


where the empirical atomic diffusion volumes (v) are summed for Solute A and Solvent B. 
The volumes are given for carbon (16.5), hydrogen (1.98), oxygen (5.48), nitrogen (5.69), 
sulfur (17.0), and chlorine (19.5), as well as an adjustment for an aromatic ring (— 20.2). 
The Fuller—Schettler—Giddings Equation is generally able to estimate diffusion 
coefficients within + 5-10%. 

Some typical values of the diffusion coefficient in the gas phase are summarized in 
Table 1.3 [1]. In general, diffusion coefficients are in the range of 0.01-1.0 cm’/sec in the 
gas phase. A number of important trends are evident in these data. First, as the molecular 
weight of the solute increases, the diffusion coefficient decreases (e.g., n-heptane and 
n-octane in hydrogen). For solutes with the same molecular weight, a smaller molecular 
volume results in a larger diffusion coefficient (e.g., n-octane and 2,2,4-trimethylpentane 
in hydrogen). For the same solute, an increase in the molecular weight of the solvent 
results in a decrease in the diffusion coefficient (e.g., n-octane in hydrogen, deuterium, and 
nitrogen). Because the molecular weight of the solvent is much smaller than the solute, 
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TABLE 1.3 


TRENDS AND TYPICAL VALUES FOR GAS-PHASE DIFFUSION COEFFICIENTS (D,43)" 


Solute (A) Solvent (B) Dap (cm/sec) 
n-Heptane Hydrogen 0.283 
n-Octane Hydrogen 0.277 
2,2,4-Trimethylpentane Hydrogen 0.292 
n-Octane Deuterium 0.208 
n-Octane Nitrogen 0.0726 


“ Diffusion coefficients measured at 30 °C and 1 atm [1]. 


it has a greater effect on the diffusion coefficient. All of these trends are evident from 
Eqn. 1.17. It is also evident that diffusion coefficients will increase with temperature and 
decrease with pressure. 

In the liquid phase, one of the most common theoretical models is the Stokes—Einstein 
Equation [12,14] 


RT 


D DSO 
a 677 4NBN 


(1.18) 
where r, is the solute radius, yp is the solvent viscosity, and N is Avogadro’s number. 
Because this model assumes that the molecules are non-interacting hard spheres, 
deviations from ideal behavior can lead to errors on the order of +50—200%. More 
accurate predictions can be obtained from semi-empirical models, such as the Wilke— 
Chang Equation [16] 


_ 74X10 8(YgMg)°°T 
npVa° 


AB (1.19) 


where V, is the solute molal volume, which can be determined according to the method of 
LeBas [17]. The volume increments are summed for carbon (14.8), hydrogen (3.7), 
oxygen (7.4 for ethers and alcohols, 9.1—11 for esters, 12 for acids), and nitrogen 
(10.5—15.6 for primary to tertiary amines), with an adjustment for an aromatic ring (— 15). 
The solvent association factor, Vp, is given as 1.0 for nonpolar solvents such as hexane, 
benzene, and ether, 1.5 for ethanol, 1.9 for methanol, and 2.6 for water. Other empirical 
equations have been reviewed and compared by Li and Carr [18,19]. 

Some typical values of the diffusion coefficient in the liquid phase are summarized in 
Table 1.4 [1]. In general, diffusion coefficients are on the order of 0.5—5.0 X 10~> cm/sec 
in the liquid phase. Many of the same general trends arise for molecular weight and 
volume as in the gas phase. However, there are also some interesting effects that arise from 
solvation. For example, the diffusion coefficients for benzene, ethyl acetate, and acetic 
acid systematically decrease because of the ability to form hydrogen bonds with the 


14 Chapter I 


TABLE 1.4 


TRENDS AND TYPICAL VALUES FOR LIQUID-PHASE DIFFUSION COEFFICIENTS (D43)" 


Solute (A) Solvent (B) Dap (cm/sec) 
Benzene Methanol 2.12 107° 
Ethyl acetate Methanol 2.10 x 10-> 
Acetic acid Methanol 1.54. x 1075 
Acetic acid Benzene 1.92x 10> 


“ Diffusion coefficients measured at 15 °C and 1 atm [1]. 


solvent methanol. When hydrogen bonding with the solvent is not possible, the diffusion 
coefficient increases (i.e. acetic acid in methanol and benzene). 

In the supercritical phase, diffusion coefficients can be estimated by the same 
theoretical and semi-empirical equations as for liquids [20]. In general, diffusion 
coefficients are on the order of 10°-7—10~* cm*/sec in the supercritical phase. 


1.3.2 Flow phenomena 


In general, the mobile phases in gas, supercritical-fluid, and liquid chromatography 
behave as Newtonian fluids. For such fluids, an applied stress, such as pressure, causes a 
linearly proportional change in the velocity or position. Most theoretical models of flow in 
chromatographic systems presume Newtonian behavior. However, all fluids have an initial 
time in which non-Newtonian behavior is observed. During this time, the applied stress 
serves to compress the molecules until they reach the appropriate density at the given 
temperature and pressure. This behavior may lead to deviations from the theoretical 
models described herein. However, such deviations are generally small once the system 
has reached steady state [21]. 

There are three general regimes of flow in chromatographic systems: molecular, 
laminar, and turbulent, given in order of increasing velocity [3,14]. To distinguish between 
these different flow regimes, it is helpful to define the Reynolds number, Re, 


Re = — (1.20) 


where p and 7 are the density and absolute viscosity of the fluid, u is the linear velocity, 
and d is the characteristic dimension of the system, either the column diameter for an open- 
tubular column or the particle diameter for a packed column. The Reynolds number is a 
ratio of the inertial forces (p u ?) to the viscous forces (q u/d) in the fluid. The inertial 
forces tend to preserve the fluid in motion while the viscous forces tend to restrain motion. 
The balance of these forces influences the nature of flow within the system. Molecular or 
Knudsen flow occurs when the mean free path of the molecules is large with respect to the 
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characteristic dimension d. The mean free path, \, represents the average distance traveled 
between molecular collisions. 


, — 12560 (ary" 
P 


1.21 
a (1.21) 
For the gases nitrogen, hydrogen, and helium, the mean free paths are 60, 120, and 
190 nm, respectively, at 20°C and 1 atm. When the mean free path is larger than the 
characteristic dimension, the molecules are more likely to collide with the walls of the 
system than with other molecules. This influences the net flow-rate, which is given by 


1/2 7 
F= $F) "(E\2) (1.22) 
3 M 8L D 

where d, is the diameter and L is the length of the flow channel, and Ap is the difference 
between the outlet and inlet pressures. Molecular flow is important in macropores 
(> 25 nm) and mesopores (1—25 nm) for gases and in micropores (<1 nm) for liquids. 

Laminar or Poiseuille flow occurs when viscous forces prevail, so that the Reynolds 
number is less than 2000—2500 for gases and liquids flowing through an open tube. This is 
the most common type of flow in chromatography, since Reynolds numbers are typically 


in the range of 0.1—10 [22]. Because the viscous forces predominate, there is friction along 
the wall that results in well-defined streamlines with a parabolic radial velocity profile 


r 
w= ail - =| (1.23) 


where r is the radial coordinate and R is the radius of the open tube. The average linear 
velocity, u, is given by the Hagen—Poiseuille Equation [14,23,24] 


—R’ Ap 
8yL 


(1.24) 


— 


Although the streamlines are not as well defined in a packed bed, the average linear 
velocity is given by a similar relationship 


—ByAp 


a (1.25) 


ui= 
where the chromatographic permeability, Bo, is given by the Kozeny—Carman Equation 
[25] as 
es? 
Bo — 5 pu 5 
180¥7(1 — &,)°e; 


(1.26) 


In this equation, d, is the particle diameter and WW? is a shape factor that ranges from 1.0 for 
solid, spherical particles to 1.7 for porous, irregular particles. The total porosity, €,, of the 
packed bed is the volume occupied by the mobile phase divided by the total column 
volume. The total porosity consists of two distinct fractions, the interparticle and 
intraparticle porosities. The interparticle porosity, &,, is the volume between particles 
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divided by the total column volume, which has values of 0.26 for closest packed spherical 
particles, 0.38 for randomly packed spherical particles, and 0.42 for randomly packed 
irregular particles. For typical chromatographic columns, the interparticle porosity is in 
the range of 0.40—0.45. The intraparticle porosity, ;, is the volume within the particle 
pores divided by the total column volume, which has a typical value of 0.5 for many 
chromatographic packing materials [26]. The volumetric flow-rate, F, is given by 


(1.27) 


Thus, the total porosity can be determined by measuring the flow-rate and the elution time 
of a nonretained solute on a column of known radius and length. The interparticle porosity 
can be determined by a similar measurement, using a nonretained solute that is too large to 
enter the pores of the packing material. The intraparticle porosity can then be determined 
by difference. 

Eqn. 1.24 for open-tubular columns and Eqns. 1.25 and 1.26 for packed columns 
indicate several important trends in the laminar flow regime. First, the linear velocity 
increases with the square of the radius for an open tube or the square of the particle 
diameter for a packed column. For a column of fixed dimensions, the linear velocity 
increases with the applied pressure. The viscosity has an inverse effect, as the increased 
frictional forces reduce the velocity. It is interesting to note that an increase in temperature 
causes an increase in viscosity for gases and a concomitant decrease in velocity, whereas it 
causes a decrease in viscosity for liquids and a concomitant increase in velocity. 

Turbulent flow occurs when inertial forces prevail, so that the Reynolds number is 
greater than 2000-2500 for gases and liquids. Some discrepancy exists in the literature 
regarding the point of onset for turbulence, because it is a gradual rather than sudden 
occurrence. In fully developed turbulent flow, a laminar sub-layer exists near the wall 
where frictional forces serve to maintain the parabolic velocity profile. In the central core, 
where there is little friction and great momentum, turbulent eddies arise that facilitate 
radial mass transport and cause a flat velocity profile. The transitional region between the 
laminar sub-layer and the turbulent core is known as the buffer layer. Theoretically, 
turbulent flow has two important advantages over laminar flow: a decrease in zone 
dispersion and a decrease in analysis time [2]. To achieve turbulent flow and the requisite 
high Reynolds numbers (Eqn. 1.20), the linear velocity and column or particle diameter 
should be increased and the kinematic viscosity, n/p, should be as small as possible. 
Accordingly, turbulent flow has been achieved using both open-tubular and packed 
columns in gas chromatography because of the favorable properties of the mobile phase 
[27,28]. However, there are technological problems in generating sufficient pressure to 
attain high linear velocities in liquid chromatography, such that turbulent flow has only 
been achieved for nonretained solutes in open tubes [28,29]. As a consequence, other 
methods have been investigated to enhance radial mass transport in chromatographic 
columns [30]. Golay has examined a variety of column cross-sections, including round, 
elliptical, square, and rectangular [31-33]. Others have investigated the effect of 
distortion of the column cross-section [34], tight coiling [35,36], and liquid flow 
segmented by gas bubbles [37]. Although these approaches have merit, they have not 
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yielded a substantive improvement in performance over conventional open-tubular or 
packed columns. An approach that does appear to be promising is electro-osmotic flow, 
which uses an applied voltage rather than applied pressure to induce flow [38]. In a glass or 
silica capillary, the silanol groups at the surface are weakly acidic and carry a net negative 
charge at pH values greater than 7. A double layer, predominantly consisting of H* but 
also containing Na‘, K*, and other cations, is formed to counterbalance this charge. 
Because the layer of cations is not covalently bound to the surface, it can migrate in an 
applied electric field. Thus, a flow of cations originates at the wall that carries along the 
solvent and other ions in the bulk liquid. The radial velocity profile, given by the Rice— 
Whitehead Equation [39], is nearly flat 


_ -f, _ Io(kr) 
u= a(1 a) (1.28) 


where x! is the Debye length and Jy is the zero-order modified Bessel function of the first 
kind. The maximum velocity is given by the Helmholtz—Smoluchowski Equation [40,41] 
as 

a= —eeobAV (1.29) 

HL 

where ¢ is the permittivity of the mobile phase, &9 is the permittivity of vacuum, AV is the 
difference between the outlet and inlet voltages, and € is the zeta potential, which is on the 
order of 100—150 mV for glass or silica surfaces in contact with an aqueous buffer system 
[42]. The flat radial velocity profile of electro-osmotic flow can reduce zone dispersion 
compared with traditional laminar flow in open-tubular and packed columns, as will be 
discussed in Sec. 1.3.3.3. 


1.3.3 Column contributions to dispersion 


The rate theory presumes that there are several sources of zone dispersion, each of 
which acts independently in the chromatographic system. Because these sources are 
independent, their variances, oF, are additive 


o=So0? (1.30) 


The contributions to dispersion from the chromatographic column include multiple paths 
(A), longitudinal diffusion (B), and resistance to mass transfer (C) in the mobile and 
stationary phases. There are several different mathematical approaches to describe these 
contributions, all of which lead to rather similar conclusions [2,31,43]. The general results 
are summarized in Secs. 1.3.3.1 to 1.3.3.6. 


1.3.3.1 Multiple paths 
In an open-tubular column, there is a single path through the column. In a packed 


column, however, molecules can take many different paths around the particles. Each of 
these paths will have a different distance or time traveled, leading to broadening of the 
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solute zone. In the older literature, this process is frequently called “eddy diffusion”, which 
is misleading because it suggests that turbulent eddies and mixing are responsible for the 
broadening. A more accurate and descriptive term is “multiple paths”, which will be used 
in this chapter. The paths most likely to be taken are those that offer the least impedance to 
mobile-phase flow, i.e. those with the largest diameters and shortest lengths. For this 
reason, packing uniformity is very important, because void spaces or large channels 
through the packing will destroy column efficiency. For a uniformly packed column, the 
variance contribution due to multiple paths is given by 


o4 = 2hd,L (1.31) 


where X is a constant of approximate value 0.5—1.0 that reflects the packing structure. 
Hence, to a first approximation, the extent of broadening reflects only the particle diameter 
and the physical structure of the packed bed, but is independent of the linear velocity. 


1.3.3.2 Longitudinal diffusion 


The random motion of molecules also leads to broadening of the solute zone. As 
discussed in Sec. 1.3.1, this broadening results in a symmetric Gaussian zone profile with a 
variance given by Eqn. 1.14. The extent of diffusion depends upon the diffusion coefficient 
and the time over which diffusion occurs. For the mobile phase, the variance contribution 
due to diffusion in the mobile phase, OB.M is given by 
oy = “IMP ul (1.32) 

u 
where Dy, is the diffusion coefficient in the mobile phase and yy is a tortuosity factor. The 
tortuosity factor has a value of 1.00 for an open-tubular column, 0.73 for a packed column 
with nonporous, spherical particles, and 0.63 for a packed column with porous, irregular 
particles [44,45]. For the stationary phase, the variance contribution due to diffusion in the 
stationary phase, Ons, is given by 
ge ae (1.33) 
u 
where Dy is the diffusion coefficient in the stationary phase and yg is a tortuosity factor. 
The tortuosity factor has a value of 1.00 for a uniform film but will decrease if the 
stationary phase is not uniform in thickness or forms droplets. The tortuosity factor will 
also vary if the stationary phase is not chemically homogeneous, as may occur in bonded 
phases for liquid chromatography. It is noteworthy that the variance in Eqn. 1.33 increases 
with the retention factor, since this increases the time spent diffusing in the stationary 
phase. 

In gas chromatography, the diffusion coefficient in the mobile phase is typically 
10 ' cm*/sec, whereas that in the stationary phase is typically 10° cm?/sec. Hence, the 
variance contribution in the mobile phase is approximately 5 orders of magnitude greater 
than that in the stationary phase, which can usually be neglected. In liquid 
chromatography, however, the diffusion coefficient in the mobile phase is typically 
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10° cm?/sec and is more comparable to that in the stationary phase. Thus, both mobile 
and stationary phase contributions must usually be considered in liquid chromatography, 
but their magnitude is much smaller than those in gas chromatography. 


1.3.3.3 Resistance to mass transfer in the mobile phase 


Resistance to mass transfer refers to the tendency of a molecule to remain in its 
present location because of inertial forces. Molecules in the mobile phase will tend to 
stay in the same flow-stream and, unless something is done to enhance radial transport, 
only diffusion will allow them to change flow-streams. As each flow-stream has a 
different velocity, this leads to broadening of the solute zone. For laminar flow in an 
open tube, the parabolic radial velocity profile given by Eqn. 1.23 leads to a variance 
oem [31] 


2 _ + 6k+ 11k )d2Lu 


1.34 
2oM 96(1 +k? Dy Cy, 
For laminar flow in a packed column, a similar expression applies [43] 

k’d> Lu 
oom p (1.35) 


~ 1000 +k)2Dy 


In each case, the extent of broadening depends upon the diffusion coefficient as well as 
the column or particle diameter, which represents the distance over which diffusion 
must occur in order to average the velocities. 

For electro-osmotic flow, the nearly flat radial velocity profile, given by Eqn. 1.28, 
leads to a variance [46] 


C|R°L 
oem = oa : (1.36) 
where 
es I 6 eS: 
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and all other symbols are as previously defined. Other contributions from resistance to 
mass transfer in the mobile phase have been described in detail by Giddings [2]. In general, 
all of these contributions are proportional to the linear velocity. 
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1.3.3.4 Resistance to mass transfer in the stationary phase 


Similarly, once a molecule is in the stationary phase, inertial forces tend to make it 
remain there. Broadening occurs because some molecules reside longer than others in the 
stationary phase. For a partition mechanism (Sec. 1.4.3), the variance (os) in an open- 
tubular or packed column is given by [31] 


2 
; 2kd? Lu 


Ee 1.39 
TES “Real EDs co) 


Hence, the extent of broadening depends upon the diffusion coefficient as well as the 
thickness of the stationary phase film, d;, which represents the distance over which 
diffusion must occur. If there is interfacial resistance to transport between the mobile and 
stationary phases, perhaps owing to high surface tension or specific configurational or 
orientational effects, an additional variance contribution must be considered [2] 


2 2kLu 


see 14 
OCs (+k, (1.40) 


where k,,, is the rate constant for transfer from stationary to mobile phase. For an 
adsorption mechanism (Sec. 1.4.4), the variance is given by a similar expression 
OCS aay gd. 

; (1+k?kq 
where k, is the rate constant for desorption. Other contributions from resistance to mass 


transfer in the stationary phase have been described in detail by Giddings [2]. In general, 
all of these contributions are proportional to the linear velocity. 


(1.41) 


1.3.3.5 Sum of column contributions 


As noted in Eqn. 1.30, the variances from all of the processes described above are 
additive in determining the total variance. The total variance is related to the plate height, 
H, and plate number, N, in the following manner 


Wit Be (1.42) 


Thus, for an open-tubular column, the plate height is given by summation of Eqns. 1.32, 
1.33, 1.34, and 1.39 as 


2kdju 
3(1 + k)*Ds 


a 2PM, 2ysDsk (1 + 6k + 11k*)d2u 


u u 96(1 +k Dy 


(1.43) 


This is the well-known Golay Equation [31]. Similarly, for a packed column, the plate 
height is given by summation of Eqns. 1.31, 1.32, 1.33, 1.35, and 1.39 


H =2)d. 4 2y¥uPu _ 2YsDsk | Kdyu 2kdru 
Pr uu «O00 + KY2Dy 301 +K)2Ds 


(1.44) 
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Eqns. 1.43 and 1.44 can be written in an abbreviated form as 
B 

H=A+—+Cu (1.45) 
u 


where A represents the term for multiple paths, B represents longitudinal diffusion in the 
mobile and stationary phases, and C represents resistance to mass transfer in the mobile 
and stationary phases. 

The total plate height and the individual contributions are shown in Fig. 1.5 for a 
typical packed column for gas chromatography. It is apparent that the multiple path 
term is constant, the longitudinal diffusion term decreases, and the mass transfer term 
increases with linear velocity. Accordingly, the total plate height goes through a 
minimum value at a certain value of the linear velocity. In general, it is best to operate 
the chromatographic column at or near this optimum velocity in order to achieve the 
least broadening and the highest resolution. The optimum velocity can be determined 
by taking the first derivative of the plate height with respect to linear velocity in 
Eqn. 1.45. 


= +C=0 (1.46) 
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Fig. 1.5. Plate height vs. linear velocity for a typical packed column for gas chromatography. 
d, = 125 um, dy = 1.0 pm, Dy = 107! cm*/sec, Ds = 10° cm?/sec, k = 3.0. 
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This derivative is set equal to zero to calculate the optimum velocity, ug», 

B\'/2 
Uopt = (2) (1.47) 
The minimum plate height, H,,,;,, can then be calculated by substituting this expression 


into Eqn. 1.45 


nin =A THIGH + C(B/C)'? =A +2(BO)'”” (1.48) 


For example, the typical packed column for gas chromatography shown in Fig. 1.5 is 
dominated by longitudinal diffusion in the mobile phase and resistance to mass transfer 
in the stationary phase. Accordingly, the optimum velocity is given by 


1/2 
3ym(1 + k)?DyD 
Wont = ( Mt ka M™S ) = 10 cm/sec (1.49) 
and the minimum plate height is given by 
1/2 
16yqkDud; 

H nin = 20d, 4 = 0.050 1.50 

ee p & +k Ds a ake 


In many cases, the first term in this equation dominates and the minimum plate height 
for a packed column is approximately equal to two times the particle diameter. 

The plate height vs. linear velocity graph is shown for a typical open-tubular column for 
gas chromatography in Fig. 1.6. The general shape of this graph is similar to that for the 
packed column in Fig. 1.5. However the plate heights are smaller because there is no 
contribution from multiple paths. The open-tubular column is dominated by longitudinal 
diffusion and resistance to mass transfer in the mobile phase. Accordingly, the optimum 
velocity is given by 


1/2 
192(1 +k)? Diy 
a (a iceioe). (ha) 


and the minimum plate height is given by 


Theres (1 + 6k + 11k*)d? 
a 1201 +k)? 


1/2 
= 0.016 cm (1.52) 


As a general rule, the minimum plate height for an open-tubular column is approximately 
equal to 0.8 times the column diameter. 

Finally, the plate height vs. linear velocity graph is shown for a typical packed column 
for liquid chromatography in Fig. 1.7. In liquid chromatography, the contributions to 
diffusion and mass transfer from the mobile and stationary phases are approximately 
equal. Consequently, none of the terms in Eqn. 1.44 can be neglected in calculating the 
optimum velocity and the minimum plate height. The optimum velocity (0.35 cm/sec) is 
substantially smaller than that for gas chromatography (10 cm/sec, Eqn. 1.49). This is 


Theory of Chromatography 23 


0.20 
0.15 
E 
noe 
kK 
<i 
Oj 
ig 0.10 
aa 
Lu 
= 
< 
nl 
oO 
0.05 
TOTAL 
Cu 
Blu 
0.00 
0 10 20 30 40 50 60 


LINEAR VELOCITY (cm/s) 


Fig. 1.6. Plate height vs. linear velocity for a typical open-tubular column for gas chromatography. 
d, = 200 pm, d; = 0.25 am, Dy = 107! cm*/sec, Ds = 10° cm?/sec, k = 3.0. 


because the optimum velocity is directly related to the diffusion coefficient in the mobile 
phase, which is four orders of magnitude smaller in liquids than in gases. The minimum 
plate height (0.0011 cm) is also substantially smaller than that for gas chromatography 
(0.050 cm, Eqn. 1.50), owing to the smaller particle diameter. 


1.3.3.6 Implications 


Upon comparison of Figs. 1.5 and 1.6, it is apparent that a typical open-tubular column 
has a smaller plate height and a higher optimum velocity than a typical packed column in 
gas chromatography. Consequently, open-tubular columns generally provide higher 
resolution and/or shorter analysis time than packed columns. This is demonstrated for the 
separation of a complex sample, calmus oil, in Fig. 1.8 [47]. Open-tubular columns offer 
other practical advantages as well. Because of their higher permeability (Eqn. 1.24), open- 
tubular columns of long length can be operated at modest pressures. Typical open-tubular 
columns are 10—100 m in length, whereas typical packed columns are 1—5 m. In addition, 
the surface of open-tubular columns is fused silica, which is more inert and has fewer 
contaminants than most packing materials. As a result, there are fewer problems with 
irreversible adsorption, and stationary phases can be deposited with smaller film thickness. 
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Fig. 1.7. Plate height vs. linear velocity for a typical packed column for liquid chromatography. 
d, = 5 ym, dp = 0.1 wm, Dy = 10> cm?/sec, Dy = 10° cm?/sec, k = 3.0. 


Fig. 1.8. Separation of calmus oil by gas chromatography using open-tubular and packed columns. 
(a) Open-tubular column, d, = 300 wm, L = 50 m, OV-1 stationary phase. Temperature program: 
60 to 200 °C at 4 °C/min. (b) Packed column, d. = 3.0 mm, d, = 177-250 xm (60/80 mesh) Gas 
Chrom Q with 5% OV-1 stationary phase, L = 4 m. Temperature program: 80 to 220 °C at 5 °C/min. 
Mobile phase: hydrogen. Adapted from Ref. 47. 
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All of these factors lead to higher plate numbers and higher resolution for open-tubular 
columns. However, there are some disadvantages of open-tubular columns, most 
notably that injection, detection, and connection volumes must be substantially reduced. 
These extra-column sources of dispersion will be discussed in Sec. 1.3.4. 

For packed columns, the plate height is strongly dependent upon the particle diameter. 
As shown in Eqns. 1.31 and 1.35, the multiple-path term is linearly dependent and the 
resistance-to-mass-transfer term in the mobile phase is dependent upon the square of the 
particle diameter. The effect of particle diameter on plate height is shown in Fig. 1.9 for 
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Fig. 1.9. Effect of particle diameter on plate height vs. linear velocity for gas chromatography. 
Column: d, = (A) 100-149 wm (100/150 mesh), (B) 250-297 jum (50/60 mesh), (C) 297-420 pm 
(40/50 mesh), (D) 420-590 ym (30/40 mesh), (E) 590-840 pm (20/30 mesh) Silocel with 20% 
polyethylene glycol stationary phase. Mobile phase: nitrogen. Temperature: 47 °C. Solute: acetone. 
Adapted from Ref. 48. 


gas chromatography [48]. Similar effects are, of course, observed for liquid 
chromatography as well. It is evident that the minimum plate height is decreased (Eqn. 
1.48) and the optimum velocity is increased (Eqn. 1.47) as the particle diameter is 
decreased. Thus, columns with smaller particles can be used at higher linear velocity 
without sacrificing efficiency for analysis time. This suggests that the particle diameter 
should be decreased insofar as possible to obtain the highest resolution. However, there are 
technological problems in producing uniform particles of small diameter, which usually 
are limited to 37 wm (400 mesh) for gas chromatography and 1-3 wm for liquid 
chromatography. It is also important that the particles have a narrow distribution or range 
of diameters. Particles of differing sizes do not pack very efficiently, as shown in Fig. 1.10 
[48], leading to plate heights that are higher than expected. In general, the range should be 
no more than 10—20% of the average particle diameter. Finally, there are other practical 
limitations to reducing the particle diameter. The pressure drop increases with the square 
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Fig. 1.10. Effect of particle diameter uniformity on plate height vs. linear velocity for gas 
chromatography. Column: (A) 0%, (B) 25%, (C) 50%, (D) 75%, (E) 100% of 420-590 wm 
(30/40 mesh) Silocel mixed with 250-297 wm (50/60 mesh) Silocel with 20% polyethylene 
glycol stationary phase. Mobile phase: nitrogen. Temperature: 47 °C. Solute: benzene. Adapted from 
Ref. 48. 


of the particle diameter (Eqns. 1.25 and 1.26), which ultimately limits the column length 
that can be used. Moreover, the compressibility of gases, supercritical fluids, and even 
liquids must be considered at higher pressure. Finally, columns packed with small 
particles can easily become fouled, so samples must be filtered of all particulates 
(> 0.45 pm). 

For open-tubular columns, the plate height is strongly dependent upon the column 
diameter. As shown in Eqn. 1.34, the resistance-to-mass-transfer term in the mobile phase 
is dependent upon the square of the column diameter. Hence, the minimum plate height is 
decreased (Eqn. 1.52) and the optimum velocity is increased (Eqn. 1.51) as the column 
diameter is decreased. The effect of column diameter on the plate height vs. linear velocity 
is similar to that shown for particle diameter in Fig. 1.9. Hence, the column diameter 
should also be decreased insofar as possible to obtain the highest resolution. Open-tubular 
columns are commercially available with diameters from 180-530 wm for gas 
chromatography. However, columns developed for supercritical-fluid chromatography 
with diameters as small as 50m can also be used. For best results in liquid 
chromatography, open-tubular columns must have diameters on the order of 5—10 wm. 
Columns of these dimensions have been prepared in research laboratories [49,50], but are 
not commercially available. 

For both packed and open-tubular columns, the plate height is dependent upon the 
thickness of the stationary phase. As shown in Eqn. 1.39, the resistance-to-mass-transfer 
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term in the stationary phase is dependent upon the square of the film thickness. The effect 
of film thickness on plate height is shown in Fig. 1.11 for gas chromatography [51]. Similar 
effects are, of course, observed for liquid chromatography as well. It is evident that the 
minimum plate height is decreased (Eqn. 1.50) and the optimum velocity is increased 
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Fig. 1.11. Effect of stationary-phase film thickness on plate height vs. linear velocity for gas 
chromatography. Column: d, = 250-590 2m (30/60 mesh) Kromat FB with (A) 18%, (B) 25%, 
(C) 34%, (D) 43%, (E) 50% polyethylene glycol stationary phase. Mobile phase: helium. 
Temperature: 25 °C. Solute: 2,3-dimethylbutane. Adapted from Ref. 51. 


(Eqn. 1.49) as the film thickness is decreased. Thus, columns with smaller film thickness 
can be used at higher linear velocity without sacrificing efficiency for analysis time. This 
suggests that the film thickness should be decreased insofar as possible to obtain the 
highest resolution. However, there are technological problems in producing uniform, thin 
films of the stationary phase, which usually are limited to 3—5% (w/w) for packed columns 
and 0.1 4m for open-tubular columns for gas chromatography. In addition, there are other 
practical limitations to reducing the film thickness. Columns with very thin films can 
easily become overloaded, so sample volume and mass must be reduced. 

Moreover, changes in film thickness and column or particle diameter have another 
important influence on separation. The phase ratio, 8, which is the ratio of the volumes of 
the mobile and stationary phases, varies concurrently with these parameters. For an open- 
tubular column, 


Wyo (aes 2d;) 
Veo sd? — Gd, ~ 2d,)" 


(1.53) 


This relationship is shown graphically in Fig. 1.12 [52]. A practical example of this effect 
is illustrated in the chromatogram of gasoline in Fig. 1.13 [47]. The film thickness and the 
corresponding phase ratio for each chromatogram are summarized in Table 1.5. It is 
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Fig. 1.12. Phase ratio for open-tubular columns with different diameter and stationary-phase film 
thickness for gas chromatography according to Eqn. 1.53. Column: d, = (A) 100 wm, (B) 250 wm, 
(C) 320 wm, (D) 530 pm. 


apparent that the retention factors for all solutes increase with decreasing phase ratio, as 
will be discussed in Sec. 1.4.2 (Eqn. 1.81). The retention factor for toluene, which 
increases from 0.4 to 16.2, is cited as an example in Table 1.5. Accordingly, the 
chromatogram with the smallest film thickness (0.05 1m) shows very little retention of all 
solutes, but excellent plate height and resolution. As the film thickness increases to the 
maximum value of 2.0 wm, the solutes are more retained but also show much greater 
broadening. It is clear that some compromise is necessary to achieve the best separation. 
Film thickness and column diameter or particle diameter cannot be considered alone, but 
must be decreased together in order to maintain a reasonable phase ratio. In general, the 
phase ratio should be maintained within the range of 500-1000 for gas chromatography 
and 1-10 for liquid chromatography. This provides for a reasonable range of retention 
factors as well as a reasonable plate height. The retention factor has a direct influence on 
the plate height. As shown in Eqn. 1.33, diffusion in the stationary phase is linearly 
dependent upon the retention factor. In addition, the resistance-to-mass-transfer terms in 
the mobile and stationary phases have a complex dependence on retention factor, as 
illustrated for open-tubular columns in Eqns. 1.34 and 1.39 as well as Fig. 1.14. If the 
mobile-phase term predominates, the plate height will increase consistently with retention 
factor. If the stationary phase term predominates, the plate height will increase 
significantly with retention factors up to k=1.0, and decrease thereafter. 
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Fig. 1.13. Separation of gasoline by gas chromatography using open-tubular columns with varying 
film thickness. Column: d, = 300 ym, L = 15m, SE-52 stationary phase with dy = (A) 0.05, 
(B) 0.15, (C) 0.80, and (D) 2.00 pm. Temperature program: 20 to 80°C at 2 °C/min. Solutes: 
(1) n-pentane, (2) benzene, (3) toluene, (4) o-xylene, (5) 1,2,4-trimethylbenzene, (6) naphthalene, 
(7) 2-methylnaphthalene. Adapted from Ref. 47. 
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TABLE 1.5 


FILM THICKNESS, PHASE RATIO, AND RETENTION FACTOR FOR 
TOLUENE FROM THE CHROMATOGRAMS IN FIG. 1.13 [47] 


Film thickness (ym) Phase ratio Retention factor 
0.05 3000 0.4 
0.15 1000 1.3 
0.80 190 6.6 


2.00 75 16.2 
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Fig. 1.14. Function of the retention factor for (A) mobile-phase and (B) stationary-phase resistance to 
mass transfer, according to Eqns. 1.34 and 1.39. 


Depending upon the relative magnitude of the mobile- and stationary-phase terms, very 
complex relationships may be observed. A practical example of the effect of retention 
factor is illustrated in the chromatogram of n-alkanes in Fig. 1.15 [52]. The data from this 
chromatogram, summarized in Table 1.6, show that the plate height increases consistently 
with retention factor. This indicates that resistance to mass transfer in the mobile phase 


TIME (min) 


Fig. 1.15. Effect of the retention factor on plate height in gas chromatography. Column: 
d, = 250 um, L = 100 m, SE-30 stationary phase. Mobile phase: nitrogen. Temperature: 130 °C. 
Solutes: (1) n-heptane, (2) n-octane, (3) n-nonane, (4) n-decane, (5) n-undecane, (6) n-dodecane, 
(7) n-tridecane. Adapted from Ref. 52. 
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TABLE 1.6 


RETENTION FACTOR, PLATE HEIGHT, AND PLATE NUMBER FOR THE n-ALKANES IN 
FIG. 1.15 [52] 


Solute Retention factor Plate height (cm) Plate number 
n-Heptane 0.14 0.0263 380,000 
n-Octane 0.8 0.0296 338,000 
n-Nonane 1.4 0.0344 291,000 
n-Decane 2.3 0.0369 271,000 
n-Undecane 3.9 0.0425 235,000 
n-Dodecane 6.5 0.0469 213,000 
n-Tridecane 10.8 0.0508 197,000 


predominates in this open-tubular column. When mobile-phase effects are dominant, the 
minimum plate height is increased (Eqn. 1.52) and the optimum velocity is decreased 
(Eqn. 1.51) as the retention factor increases. Effects similar to those described above are 
observed for packed columns. 

In addition to the retention factor, other solute properties also influence the plate height. 
As shown in Eqns. 1.32 and 1.33, diffusional broadening is linearly dependent upon the 
solute diffusion coefficient in the mobile and stationary phases. In addition, the resistance- 
to-mass-transfer terms are inversely dependent upon the solute diffusion coefficient in the 
mobile and stationary phases, as shown in Eqns. 1.34, 1.35, and 1.39. As a consequence, 
the plate height is strongly influenced by the diffusion coefficient and the solute properties 
on which it depends, such as molecular weight and volume (Eqns. 1.16 to 1.19). 
In addition, the mobile-phase and stationary-phase properties of molecular weight, 
density, and viscosity also affect the diffusion coefficient. For example, the effect of 
mobile-phase selection on the plate height vs. velocity graph is shown in Fig. 1.16 and 
Table 1.7 [53,54]. At velocities less than the optimum, the plate height is dominated by 
longitudinal diffusion. In this region, the plate height is lower for mobile phases with 
higher molecular weight and viscosity, such as nitrogen. At velocities greater than the 
optimum, the plate height is dominated by resistance to mass transfer. In this region, the 
plate height is lower for mobile phases with lower molecular weight and viscosity, such as 
helium and hydrogen. It is interesting that the minimum plate height is not dependent upon 
the diffusion coefficient (Eqn. 1.52), even though diffusion is implicated in the individual 
terms. This occurs because the longitudinal diffusion term, which is directly dependent 
upon Dy, and the resistance-to-mass-transfer term, which is inversely related to Dy, are 
exactly equal at the optimum velocity. Although the minimum plate height is unaffected, 
the optimum velocity increases with Dy, as indicated in Eqn. 1.51. Thus, the mobile 
phases with lower molecular weight and viscosity can be operated at higher velocities 
without sacrificing efficiency. This benefit is of particular importance for high-speed 
separations. 
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PLATE HEIGHT (mm) 


LINEAR VELOCITY (cm/s) 


Fig. 1.16. Effect of mobile phase selection on plate height vs. linear velocity for gas 
chromatography. Column: d, = 250 wm, L= 25m, OV-101 stationary phase. Mobile phase: 
hydrogen, helium, nitrogen. Temperature: 175 °C. Solute: n-heptadecane. Adapted from Ref. 53. 


Finally, the physical variables of temperature and pressure influence the plate height. 
Although not directly implicated in the plate height equations, these variables have an 
indirect effect through the retention factor and the diffusion coefficient. The effect of 
temperature on the retention factor will be discussed in Sec. 1.4.2 (Eqn. 1.82). An increase 
in temperature will cause a decrease in the retention factor, which subsequently influences 
the resistance-to-mass-transfer terms in Eqns. 1.34, 1.35, and 1.39. If the mobile-phase 
term predominates, the plate height will decrease consistently as temperature increases. If 
the stationary-phase term predominates, however, the plate height may decrease (k < 1.0) 


TABLE 1.7 


MOBILE-PHASE PROPERTIES, OPTIMUM VELOCITY, AND MINIMUM PLATE HEIGHT 
FROM FIG. 1.16 [53] 


Mobile Molecular Viscosity Dy Optimum velocity Minimum plate 
phase weight (wP)* (cm?/sec)** (cm/sec) height (cm) 
Nitrogen 28.0 242 0.093 13 0.022 
Helium 4.0 264 0.306 21 0.028 
Hydrogen 2.0 118 0.384 37 0.028 


“ Viscosity at 175 °C [54]. 
“Diffusion coefficient calculated from Eqn. 1.17 for n-heptadecane at 175 °C. 
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or increase (k > 1.0) as temperature increases. The effect of temperature and pressure on 
the diffusion coefficient is given by Eqns. 1.16 to 1.19. In general, the diffusion coefficient 
will increase with temperature and decrease with pressure, which subsequently influences 
the diffusional broadening in Eqns. 1.32 and 1.33 and the mass-transfer broadening in 
Eqns. 1.34, 1.35, and 1.39. At velocities less than the optimum, the plate height is 
dominated by longitudinal diffusion. In this region, the plate height will increase with 
increasing diffusion coefficient and, thus, with increasing temperature and decreasing 
pressure. At velocities greater than the optimum, the plate height is dominated by 
resistance to mass transfer. In this region, the plate height will decrease with increasing 
temperature and decreasing pressure. The minimum plate height is unaffected, but the 
optimum velocity will increase with increasing temperature and decreasing pressure. 


1.3.4 Extra-column contributions to dispersion 


In order to obtain the highest resolution possible from the chromatographic system, it is 
necessary to reduce all sources of dispersion. In the previous sections, we have discussed 
how to reduce column contributions to dispersion by operating at the optimum velocity, by 
reducing column diameter, particle diameter, stationary-phase film thickness, etc. Now, 
we will discuss the extra-column sources of dispersion and how they affect the 
chromatographic efficiency of the system [55,56]. 

As noted in Eqn. 1.30, the rate theory is based on the premise that all sources of 
variance in the chromatographic system are independent and, therefore, additive 


2p a Le 2 2 2 2 
Ortotal col Oconn inj det Selec (1.54) 


where 2, is given by the plate-height equations in Eqns. 1.43 and 1.44. The other 
components of the system, such as connecting tubing and unions (conn), injectors (inj), 
detectors (det), and signal processing electronics (elec), also add variance and dead- 
volume. This dispersion is detrimental, because it reduces the overall plate number and 
resolution. We might ask the following questions: How much extra-column dispersion is 
acceptable in a chromatographic system? What sources of dispersion are most important to 
consider and how can they be minimized? The answer to these questions is dependent 
upon the specific requirements of the application. If the chromatographic system is 
dedicated to the analysis of a single type of sample, then the column variance and the 
permissible extra-column variance will depend only on the solutes of interest. In general, 
however, the chromatographic system should be designed to be sufficiently flexible for a 
wide range of applications. In this case, the extra-column variance should be no more than 
a small fraction (0°) of the variance of the most efficient column to be used in the 
chromatographic system. 


Sirota = (1 + 8” )o%01 (1.55) 


For example, the extra-column variance might be limited to 10% (07 =0.10) of 
the smallest column variance. When expressed in units of volume, the column variance 
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is given by 


ft (mdz, 81) AeoLcot 


0. 


Ocol 16 


where d,,; and L,,; are the diameter and length, respectively, of the column. The plate 
height, H,,;, may be estimated from the minimum value for an open-tubular column 
(Amin ~ deo) or a packed column (H,,i, ~ 2d,), if the column is operated at the optimum 
velocity. The fraction 07 may be expressed as a function of the individual sources of extra- 
column dispersion 


(1.56) 


0° = Orit On Bact Deiec (1.57) 


Some of these sources of dispersion are entirely detrimental; that is, they provide no 
benefits in the chromatographic system. For example, connecting tubes and unions only 
serve to adjoin different components of the system and their dispersion should be reduced 
as far as possible. With other sources, however, some benefits are to be gained by 
increasing the dispersion. For example, if we increase the injection volume, we will 
increase the amount of sample and, hence, the concentration limit of detection. If we 
increase the volume of certain types of detectors, we will also increase the concentration 
limit of detection. For these sources of dispersion, a compromise is necessary between the 
added variance and the added sensitivity. In general, we want these sources of dispersion 
to be the predominant contributions to the extra-column variance. Thus, we might allow 
injection and detection variance to be 5% of the column variance (65, = Oe, = 0.05) 
and connection and electronic variance to be 1% of the column variance 
(®2onn = Oriee = 0.01). 

A connecting tube is essentially like an open-tubular column without a stationary 
phase. Hence, its variance can be developed using the equations given in Sec. 1.3.3. When 
expressed in units of volume, the variance is given by 


2 44 2 
T deonnteconn4eol® Ucol 
Ga = Oca = Asse ae (1.58) 


where deonn and Leon, are the diameter and length, respectively, of the connecting tube. 
The maximum permissible values of donn and Leoyn can be determined by substitution of 
the column variance from Eqn. 1.56 and subsequent rearrangement to yield 

9602onnDP ude Heo. 
ee ae = conn’ M colEt!4col/col (1.59) 


Ucol 


It is apparent from this equation that the diameter of the connecting tube has a much 
greater effect on the variance than its length. This would suggest, at first glance, that the 
diameter should be reduced as far as possible. However, these equations were derived by 
assuming that the only contributions to broadening arise from laminar flow in the 
connecting tube. In fact, if there are changes in diameter between the connecting tube and 
the column fittings or other unions, there may be additional broadening due to unswept 
volume at the junction. For this reason, changes in diameter should be judiciously avoided. 
The connecting tube should be no smaller than the inner diameter of the adjacent fittings 
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and unions (which can be replaced, if necessary, with ones of smaller diameter). Any 
remaining reduction in variance should be accomplished by reducing the length of the 
connecting tube. Typical values for the maximum permissible connection dimensions 
(®2onn = 0.01) are summarized for gas and liquid chromatography in Tables 1.8 and 1.9, 
respectively. 

The variance for an injector is given by 


2 
2 _ Vin 
col — K2 


(1.60) 


2. 8 
inj = Vinj 


TABLE 1.8 


MAXIMUM PERMISSIBLE EXTRA-COLUMN SOURCES OF VARIANCE IN GAS CHRO- 
MATOGRAPHY SYSTEMS 


Parameter Column type 

Packed Open tubular 
Column 
deol 4.0 mm 500 wm 320 wm 200 pm 
Loot 2.0m 10m 10m 10m 
dy 125 pm 
Hoot" 250 pm 500 pm 320 pm 200 pm 
N 8,000 20,000 31,000 50,000 
Ucol 10 cm/sec 10 cm/sec 15 cm/sec 25 cm/sec 
F 64 mL/min 1.2 mL/min 0.72 mL/min 0.47 mL/min 
To 5.7X 10°? cm® 1.9x 107-4 cm® 2.1x 1075 em® 2.0 10° cm® 
Connection” 
Osea 5.7X 107-4 cm® 1.9x 107° cm® 2.1 1077 cm® 2.0x 10-* cm® 
degin 1.0 mm 500 wm 320 wm 200 wm 
Licoiri 65 cm 190 cm 200 cm 190 cm 
Injection*** 
Oinj 2.8x 1077 cm® 9.6 x 10~° cm® 1.0x 107° cm® 9.9x 10-* cm® 
Vinj 110 pL 6.2 pL 2.0 pL 0.6 pL 
Detection*** 
Tet 2.8 x 1077 cm® 9.6 xX 10° cm® 1.0x 10°° cm® 9.9x 10° cm® 
Vutet 110 pL 6.2 pL 2.0 pL 0.6 pL 
Electronic™” 
Tec 5.7X 107-4 cm® 1.9x 107° cm® 2.1 1077 cm® 2.0x 10-* cm® 
T 0.022 sec 0.071 sec 0.038 sec 0.018 sec 


Amin ~ Aco for open-tubular column and H,,;, ~ 2d, for packed column. 
we 92 92 _ 
Oconn = Patec = 0.01. 


elec 


“= @2. = O44 = 0.05, K? = 4. 


inj 


36 


TABLE 1.9 
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MAXIMUM PERMISSIBLE EXTRA-COLUMN SOURCES OF VARIANCE IN LIQUID 
CHROMATOGRAPHY SYSTEMS 


Parameter Column type 

Preparative Analytical Microbore Capillary 
Column 
deol 10 mm 4.6 mm 1.0mm 200 wm 
Desi 25 cm 25 cm 50 cm 100 cm 
dy 5 wm 5 pm 5 wm 5 pm 
Heo 10 um 10 um 10 um 10 pm 
N 25,000 25,000 50,000 100,000 
Ucol 0.1 cm/sec 0.1 cm/sec 0.1 cm/sec 0.1 cm/sec 
F 4.0 mL/min 0.85 mL/min 40 wL/min 1.6 pL/min 
oI 1.1x10°? cm® 5.0x 1074 em® 2.2x107Scm® 7.1.x 1079 em® 
Connection*™* 
Conn 1.1x 1074 cm® 5.0x 10° cm® 22x10 %cm® 7.1.x 107!! cm® 
soni 250 pm (0.010 in) 180 pm (0.007 in) 100 pm 50 pm 
Lesnn 5.2.cm 4.6 cm 4.1 cm 5.2 cm 
Injection*** 
inj 5.6X 10-4 cm® 2.5 1075 cm® 11x1077cm® 3.5xX 107° cm® 
Vinj 47 pL 10 pL 0.67 pL 38 nL 
Detection*** 
Tier 5.6X 10-4 cm® 2.5x 10~> cm® 1.1x1077cm® 3.5 107! cm® 
Vater 47 pL 10 pL 0.67 pL 38 nL 
Electronic”” 
Tetec 1.1x 1074 cm® 5.0 10° em® 22x10 %cem® 7.11071! cm® 


T 


0.16 sec 


0.16 sec 


0.22 sec 


0.22 sec 


” Amin ~ 2d, for packed column. 
TF Gea Oeics = O01, 
0 = 0g = 0.05 ek =e. 


where V;,; is the injection volume and K? is a constant that is characteristic of the 
injection profile. This constant has a value of 36 for a Gaussian profile, 12 for a 
rectangular profile, and 1 for an exponential profile. For a well-behaved chromato- 
graphic injector, with a combination of Gaussian and exponential functions, the constant 
typically has a value of 4. Valve injectors generally give higher values for the constant 
K? than syringe injectors. The maximum permissible injection volume can be 
determined by substitution of the column variance from Eqn. 1.56 and subsequent 
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rearrangement to yield 


27292 74 22 
TK OF de &t Aeocol 
v2. inj“co colco 1.61 


Typical values for the maximum permissible injection volume Cr = 0.05) are 
summarized for gas and liquid chromatography in Tables 1.8 and 1.9, respectively. 


The variance for a detector is given by a similar equation 


det = BgetF col = KR? (1.62) 


where V4; is the detection volume and K is a constant that is characteristic of the 
detection profile, which has the same values as given above. The maximum permissible 
detection volume can be determined by substitution of the column variance from Eqn. 1.56 
and subsequent rearrangement to yield 


2292 74 22 
17K VGerFeol®t Aeokcot 
16 


Typical values for the maximum permissible detection volume (0j., = 0.05) are 
summarized for gas and liquid chromatography in Tables 1.8 and 1.9, respectively. For 
the specific case of a capillary flow-cell that is transversely illuminated for absorbance or 
fluorescence detection, the variance is given by 


Vie = (1.63) 


aS Viet = (md eLaer)” 
12 192 
where dy, and Ly, are the diameter and length, respectively, of the capillary flow-cell. The 


maximum permissible values of dj., and Ly, can be determined by substitution of the 
column variance from Eqn. 1.56 and subsequent rearrangement to yield 


DF oe 2 2 
Odet = VdetFcol 


(1.64) 


DierLtet - (1203 ¢HcotLcot) *deoiet (1.65) 


These equations are helpful to establish the permissible dimensions of detectors for 
capillary liquid chromatography and capillary electrophoresis. 

All of the previous sources of extra-column variance are volumetric in origin. Temporal 
variance can also arise from electronic components with an exponential time response due 
to resistance and capacitance, such as detector amplifiers. The variance from electronic 
sources is given by 


2 2 
yee (Td eo1&UcolT) 
Delee = VelecFcol = 16 


where 7 is the exponential time constant. The maximum permissible time constant can be 
determined by substitution of the column variance from Eqn. 1.56 and subsequent 
rearrangement to yield 


(1.66) 


2 
7 = iy Ag h cot 


elec 
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Ucol 


(1.67) 
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Typical values for the maximum permissible time constant (02). = 0.01) are summarized 
for gas and liquid chromatography in Tables 1.8 and 1.9, respectively. 

Upon examination of the permissible extra-column sources of variance for gas 
chromatography in Table 1.8, it is evident that the requirements for connection can be 
easily met. The requirements for injection can be easily met by syringe injection for 
packed columns and by syringe injection with splitting for open-tubular columns. The 
requirements for detection can be met by nearly all detectors for packed columns and by 
flame-based detectors for open-tubular columns. The most rigorous requirements are 
presented by the electronic contributions to variance, which are not met by many 
commercial detectors and data acquisition systems. This remains the most critical aspect 
of gas chromatography systems. 

Upon examination of the permissible extra-column sources of variance for liquid 
chromatography in Table 1.9, it is evident that the requirements for injection can be met by 
valve injection for preparative and analytical columns and by valve injection with splitting 
for microbore and capillary columns. The requirements for detection can be met by most 
detectors for preparative and analytical columns and by spectroscopic detectors with 
capillary flow-cells for microbore and capillary columns. The requirement for electronic 
sources can be met by judicious choice of commercial detectors and data acquisition 
systems. However, the most rigorous requirements are presented by the connection tubing 
and unions, which are not met by most commercial systems. This remains the most critical 
aspect of liquid chromatography systems. 


1.3.5 Implications 


In Sec. 1.3, the origin and extent of solute-zone dispersion from both column and extra- 
column sources have been presented. The influence of such variables as linear velocity, 
column diameter, column length, particle size, stationary-phase film thickness, retention 
factor, etc., have been discussed from a theoretical and practical perspective. An 
awareness and understanding of the many variables that influence dispersion is necessary 
in order to enable judicious control of plate height and plate number. This, in turn, will 
permit the resolution to be achieved according to the fundamental resolution equation 
(Eqn. 1.6). 


1.4 PRINCIPLES OF SOLUTE-ZONE SEPARATION 


In order to understand the concept of resolution, it is also important to consider the 
separation of solute zones along the column. The separation mechanism influences the 
retention factor and the selectivity factor, both of which are implicated directly in Eqn. 1.6. 
By understanding the physical and chemical aspects of the separation mechanism in 
greater detail, methods can be developed that are most suitable for the solutes of interest. 
In this section, we will review the fundamental principles of molecular interactions and 
thermodynamics. These principles will then be applied to the most common separation 
mechanisms, including partition, adsorption, complexation, ion exchange, and size 
exclusion. 
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1.4.1 Molecular interactions 


In each separation mechanism, the solute molecules interact with molecules of the 
mobile and stationary phases. These cohesive or attractive interactions may be of several 
types, each of which depends on different properties of the solute, mobile phase, and 
stationary phase. We will discuss these interactions in order of increasing strength [3,57,58]. 

Dispersion forces, also known as London forces, result from the interaction of a 
temporary dipole in one atom or molecule with an induced dipole in another atom or 
molecule. The internal or potential energy of dispersion forces, Ug, is given by 


A 2 NB WEG 


where « and / are the polarizability and ionization energy of each atom or molecule, and r 
is the separation distance between them. This equation suggests that the interaction energy 
becomes stronger (more negative) with an increase in polarizability. The polarizability, 
typical values of which are summarized in Table 1.10 [59], represents the ease with which 
electrons can be redistributed around the atoms. It is apparent that many single bonds (e.g., 
C-C, C-H, and N-H) have low polarizability, with most of the electron mobility 
occurring parallel to the bond axis. As represented by the sequence of C—C bonds, the 


TABLE 1.10 


POLARIZABILITY VOLUMES (a/4729) OF INDIVIDUAL BONDS CALCULATED 
PARALLEL (aj) AND PERPENDICULAR (a,) TO THE BOND AXIS. THE 
TOTAL POLARIZABILITY VOLUME AVERAGED OVER ALL ORIENTATIONS IS a = 1/3 
(cy + 20,) [59] 


Bond oy, X 10° (cm?) a, X 107° (cm?) a X 107° (cm?) 
C-C (aliphatic) 18.8 0.2 6.4 
C-—C (aromatic) 22.5 4.8 10.7 
C=C 28.6 10.6 16.6 
C=C 35.4 12.7 20.3 
C-H 7.9 5.8 6.5 
C-Cl 36.7 20.8 26.1 
C-Br 50.4 28.8 36.0 
C=O (carbonyl) 19.9 75 11.6 
C=O (CO) 20.5 9.6 13.2 
C=S (CS>) 75.7 27.7 43.7 
C=N 31 14 19.7 
N-H 5.8 8.4 75 


S-H 23.0 17.2 19.1 
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polarizability both parallel and perpendicular to the bond axis increases significantly with 
bond order. Homonuclear bonds generally have higher polarizability than heteronuclear 
bonds for atoms within the same row of the periodic table (e.g., C=C > C=O, 
C=C > C=N). For other heteronuclear bonds, the polarizability increases as the size of 
the atom increases (e.g., C-Cl < C-—Br, C=O < C=S). All of these trends indicate the 
types of functional groups that will have high polarizability and, hence, greater interaction. 
Eqn. 1.68 also suggests that the interaction energy becomes stronger with an increase in 
the ionization energy. The ionization energy, typical values of which are summarized in 
Table 1.11 [54], represents the ease of removing an electron from an atom or molecule. 


TABLE 1.11 


IONIZATION ENERGY OF THE ELEMENTS [54] 


Element Ionization energy (eV) Element Ionization energy (eV) 
H 13.598 Si 8.151 

He 24.587 P 10.486 

Cc 11.260 S 10.360 

N 14.534 Na™ 47.286 

O 13.618 K* 31.625 

F 17.422 Cu" 20.292 

Cl 12.967 Ag’ 21.49 

Br 11.814 Fe” 30.651 

I 10.451 Fe* 54.8 


Within a row of the periodic table, the ionization energy increases as the electronegativity 
increases (e.g., C< N~O<F). Within a group or column of the periodic table, the 
ionization energy decreases with increasing atomic size (e.g.,0 > S,F > Cl > Br >I). 
In general, the ionization energy is rather similar for the atoms in organic molecules (e.g., 
C, O, N, etc.), but may vary substantially for metals. Finally, Eqn. 1.68 suggests that the 
interaction energy decreases dramatically with increasing separation distance (r~°). 
Generally, dispersion forces are rather weak but universal, so that they increase with the 
number of atoms in a molecule. As a consequence, they may account for a major part of 
the total interaction energy for simple organic molecules. 

Dipole induction forces, also known as Debye forces, result from the interaction of a 
permanent dipole in one molecule with a temporary, induced dipole in another molecule. 
The internal energy of dipole induction forces, U;, is given by 


U;= ( el | (1.69) 


4t 9 rij 


where wp is the dipole moment and €o is the permittivity of vacuum. This equation 
suggests that the interaction energy becomes stronger (more negative) with an 
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increase in polarizability and dipole moment. The dipole moment, typical values of 
which are summarized in Table 1.12 [60], represents the extent of electronic charge 
separation. For homonuclear bonds, there is no permanent dipole moment as each 
atom has equal electronegativity. For heteronuclear bonds, the dipole moment 
increases with the difference in electronegativity of the two atoms (e.g., C-C < C-N 
< C-O < C-F). As the bond order for heteronuclear bonds increases, the dipole 
moment increases (e.g., C-N < C=N < C=N,C-O < C=O). In general, there is 
little effect of size on the dipole moment (e.g., C-F ~ C—Cl ~ C-Br ~ C-J). All of 
these trends indicate the types of functional groups that will have high dipole 
moments and, hence, greater interaction. Generally, dipole induction forces represent a 
relatively small fraction of the total interaction energy, but increase with the number 
of permanent dipoles. 

Dipole orientation forces, also known as Keesom forces, result from the interaction of 
a permanent dipole in one molecule with a permanent dipole in another molecule. 


TABLE 1.12 


DIPOLE MOMENT OF INDIVIDUAL BONDS. VALUES ARE LISTED FOR BOTH ASSUMED 
DIRECTIONS OF THE DIPOLE MOMENT OF THE C-H BOND (0.4 DEBYE). THE ATOM TO 
THE LEFT OF THE BOND IS THE POSITIVE END OF THE MOMENT AND, UNLESS 
OTHERWISE INDICATED, ALL MULTIVALENT ATOMS ARE sp* HYBRIDS [60] 


Bond Dipole moment (debye) 

CH CH 
C-C (sp*—sp*) 0.69 
C-C (sp*—sp) 1.48 
C-C (sp’-sp) 1.15 
C-N 1.26 0.45 
C=N 1.4 
C=N 3.94 3.1 
C-O (alcohol) 1.9 0.7 
C-O (ether) 1.5 0.7 
C=O 3.2 2.4 
C-F 2.19 1.39 
C-Cl 2.27 1.47 
C-Br 2.22 1.42 
C-I 2.05 1.25 
C-S 1.6 0.9 
H-O 1.51 
H-N 1.31 
H-S 0.7 
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The internal energy of dipole orientation forces, U,, is given by 


—1 {2 2 cos 0 
= weg (1.70) 
ATE, 3kpTré 


where kg is the Boltzmann constant and T is the absolute temperature. This equation 
suggests that the interaction energy becomes stronger (more negative) with an increase in 
the dipole moments, but is also dependent upon the cosine of the angle between the 
dipoles. This angular dependence accounts for the greatest cohesive attraction when 
the dipoles are aligned (0°), no attraction when the dipoles are at 90°, and repulsion when 
the dipoles are at 180°. The temperature dependence arises because kinetic energy 
increases the rate of translational and rotational motion, thereby decreasing the interaction 
between the dipoles. As with dispersion and dipole induction forces, dipole orientation 
forces decrease dramatically with increasing separation distance (r°). 

In addition to the weak cohesive forces discussed above, collectively called van der 
Waals forces, stronger and more selective forces can arise when one of the molecules 
involved is an ion. For example, an ion can induce a temporary dipole in another molecule. 
The internal energy of ion—induced dipole forces, U;;, is given by 


-1| (Zea: 
U;= a 1.71 
A 4T€9 ( 2r4 ( ) 


where z is the ion charge, and ¢ is the charge of an electron. This equation suggests that the 
interaction energy becomes stronger with an increase in ion charge and an increase in the 
polarizability. Ion—induced dipole forces also decrease with increasing separation 
distance (r I); but at a slower rate than the van der Waals forces (r = By 

An ion can also interact with another molecule having a permanent dipole. The internal 
energy of ion—dipole orientation forces, U;,, is given by 


=1 (zien; cos 0 
Ujo = (“45 (1.72) 


4t&9 Vij 


This equation suggests that the interaction energy becomes stronger with an increase in the 
ion charge and the dipole moment, but is also dependent upon the cosine of the angle 
between them. As with dipole orientation forces, the greatest cohesive attraction occurs 
when the ion and dipole are aligned (0°) and repulsion occurs when they are at 180°. Ion- 
dipole forces decrease with increasing separation distance (r a 

An ion can also interact with another ion, which is known as Coulombic attraction. The 
internal energy of ion—ion forces, Uj, is given by 


-] 2 2 
Uy = (= (1.73) 


where ¢ is the relative permittivity of the medium, that is the mobile or stationary phase. 
This equation suggests that the interaction energy becomes stronger with an increase in the 
ion charge. Ion—ion forces exhibit the smallest decrease with increasing separation 
distance (r mais F 
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Finally we can consider hydrogen bonding, which is a combination of electrostatic and 
covalent interactions. According to the Bronsted definition, an acid is a proton donor and a 
base is a proton acceptor. Although there are several ways to calculate the energy of 
hydrogen bonds, we will use an empirical force-field approach similar to those used in 
molecular modeling programs [61]. The internal energy of hydrogen-bonding forces, Uppy, 
is given by 


12 10 
vin = Du(3( -o( Joos (1.74) 
Vij Vij 


where Dy,» and rj, are the defined energy and separation distance of the hydrogen bond. 
The energy is given as 4.0 kcal/mol by experiment, 7.0 kcal/mol by the Gasteiger model, 
and 9.0 kcal/mol by the Dreiding model. The separation distance is given as 2.75 A by 
experiment and by these models. 

In order to calculate the overall interaction energy between two molecules, the 
individual energies from Eqns. 1.68 to 1.74 are summed and integrated over all of space 


ve ~ | U(r)g(r)r'dr (1.75) 


The molecular energies are then converted to molar quantities by means of Avogadro’s 
number (JN) and the molar volume (V). In this equation, U(r) is the sum of the individual 
energies and g(r) is the pair distribution function, which represents the probability of 
finding a molecule at distance, r, relative to that in a random distribution at constant 
temperature and pressure. It is helpful to establish the average distance between molecules 
in order to understand the relative strength of interactions in gas, supercritical-fluid, and 
liquid chromatography. For gases, the density is typically on the order of 107? g/cm*, 
which corresponds to an average distance of 20-50 A. Because of the long distance 
between molecules, intermolecular interactions are relatively weak and only the strongest 
forces (e.g., ion—ion) can influence the behavior of the molecules. For supercritical fluids, 
the density is typically 0.3—0.8 g/em*, which corresponds to an average distance of 
5-10 A. For liquids, the density is typically 1.0 g/cm®, which corresponds to an average 
distance of 2—5 A. Because of the shorter distances, intermolecular interactions are very 
strong and even van der Waals forces have an important influence on the behavior. 


1.4.2 Thermodynamics 


In chromatography, we are interested in the interaction energy of the solute, 7, with the 
mobile (M) and stationary (S) phases 


AU = Uss — U; (1.76) 


where the individual energies are calculated from Eqn. 1.75. The term AU represents the 
change in molar internal or potential energy as the solute is transferred from the mobile to 
stationary phase. This change in internal energy is related to other important 
thermodynamic quantities [57,62], such as the change in molar enthalpy (AH) 


AH = AU + pAV (1.77) 
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where p is the pressure and AV is the change in molar volume. For one mole of an ideal 
gas, this equation can be written as 


AH = AU+ RT (1.78) 


where R is the gas constant and T is the absolute temperature. The change in molar Gibbs 
free energy is given by 


AG = AH — TAS (1.79) 


The molar Gibbs free energy, thus, has two contributions: the molar enthalpy, which is 
related to the molecular interactions, and the molar entropy (AS), which is related to the 
disorder of the system. The Gibbs free energy reflects the tendency of a reaction, in this 
case the transfer of solute from mobile to stationary phase, to occur spontaneously. It is 
related to the thermodynamic equilibrium constant for solute transfer by 


-AG —-AH AS 
nk = ar oR (1.80) 


This equilibrium constant is related to the retention factor, which was introduced 
previously in Eqn. 1.4 


k= 5 =(“)/ =) (1.81) 
B ay /\ Vu 

The equilibrium constant is the ratio of solute activity, a, in the mobile and stationary 
phases. The phase ratio, B, is the ratio of the volume, V, of the mobile and stationary 
phases. Thus, the retention factor represents the ratio of solute molecules (or moles) in the 
two phases. A retention factor less than unity means that the solute is present in greater 
proportion in the mobile phase, whereas a retention factor greater than unity means that the 


solute is present in greater proportion in the stationary phase. 
By substitution of Eqn. 1.81 into Eqn. 1.80, we obtain 


pO ae ey (1.82) 
x mR 


This equation, known as the van’t Hoff Equation, illustrates several important trends that 
are observed in chromatography. First, the molecular interactions in Eqns. 1.68 to 1.74 
generally increase with the number of atoms in the molecule, thereby increasing the molar 
enthalpy. Hence, the logarithm of the retention factor generally increases in a linear 
manner with carbon number, functional group number, etc. In addition, if the molar 
enthalpy is constant, then the logarithm of the retention factor is inversely related to 
temperature. Hence, retention decreases logarithmically as temperature is increased. This 
relationship is especially important in gas and supercritical-fluid chromatography, where 
temperature is often used to control retention behavior. From Eqn. 1.81, the equilibrium 
constant is defined in terms of the solute activity in the mobile and stationary phases. 
The activity is related to the solute concentration, C, in each phase by means 
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of the activity coefficient, y 


ea SS Es: (1.83) 


au yuCu 

In order to determine the activity coefficient, it is necessary to define the standard state. 
There are two common definitions of the standard state that are used in chromatography. 
The first definition uses the pure material as the reference (Raoult’s Law), whereas the 
second uses a solution at infinite dilution as the reference (Henry’s Law). Although there 
are merits to each approach, we will use the former definition in this chapter. When the 
pure material is chosen to define the standard state, we can draw conclusions about 
chromatographic retention and selectivity from the physical properties of the pure 
material, which are readily available in the literature. 

For example, consider the phase diagram of a hypothetical pure solute, shown in 
Fig. 1.17. This diagram defines the regions of temperature and pressure where the solute 
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Fig. 1.17. Phase diagram for a hypothetical pure solute, showing gas, supercritical-fluid, liquid, and 
solid phases; (0) triple point, (@ ) critical point. 


exists as a gas, liquid, and solid. Above the critical point, the solute no longer exists as 
separate gas and liquid phases, but as a single supercritical phase. The lines separating the 
regions represent the locus of temperatures and pressures at which a phase transition 
occurs, such as vaporization (liquid to gas), sublimation (solid to gas), and liquefaction 
(solid to liquid). The slopes of these lines are given by the Clapeyron Equation [57] 


dp _ AH 
dT  TAV 
where the changes in molar enthalpy and volume are those accompanying the phase 


transition. We will consider the physical meaning of this equation in gas chromatography, 
where vaporization is the most important process governing retention. Inasmuch as the 


(1.84) 
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volume of one mole of a gas, Vg, is much greater than that of a liquid, Vz, we can write 
For an ideal gas, 


RT 
aa (1.86) 
Pp 


By substitution in Eqn. 1.84, we obtain the Clausius—Clapeyron Equation 


dp _ dnp) _ AH 


1.87 
p(daT) dT RT? Oe?) 
and by integration 

—AH 
np= ——+C (1.88) 


RT 


where C is a constant of integration. This equation illustrates two important points: At 
constant temperature, the logarithm of the standard vapor pressure is linearly related to 
the molar enthalpy of vaporization. At constant pressure, the boiling temperature is 
linearly related to the molar enthalpy of vaporization. Since the enthalpy directly 
reflects the extent of solute retention (Eqn. 1.82), either the standard vapor pressure or 
the boiling point can be used as an estimate. Thus, to a first approximation, these data 
can be used to predict retention and selectivity in gas chromatography. For example, we 
may expect the retention order of phenol, benzyl alcohol, 2-nitrophenol, and benzoic 
acid on the basis of their boiling points of 182, 205, 216, and 249 °C, respectively, at 
1 atm. The prediction of retention order is usually quite accurate for solutes such as 
these with widely varying boiling points, as verified in EPA Method 8270. However, 
because this prediction uses the pure solute to define the standard state, it considers only 
interactions of the solute with other molecules of its kind but does not consider 
interactions with the stationary phase. These interactions can alter the retention order 
significantly, especially when there are strong and selective interactions between the 
solute and stationary phase. 

This brings to our attention one additional point: The equilibrium constant is defined as 
the ratio of activities or concentrations in Eqn. 1.83. A graph of the solute activity (or 
concentration) in the stationary phase as a function of the solute activity (or concentration) 
in the mobile phase at fixed temperature is called an “isotherm”. An isotherm will be 
linear, as shown in Fig. 1.18A, if the interactions of the solute with the mobile and 
stationary phases do not vary with concentration. However, an isotherm may be nonlinear 
if the stationary phase has a limited number of sites or has multiple types of sites with 
different interaction energy. Two common examples of nonlinear isotherms are shown in 
Figs. 1.18B and 1.18C. The origin of these effects will be discussed, where relevant, in the 
following sections that describe the most common retention mechanisms in 
chromatography. 
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Fig. 1.18. Common shapes of isotherms in chromatography. (A) Linear isotherm, (B) convex, also 
known as Langmuir or BET Type 1 isotherm, (C) concave, also known as BET Type III isotherm. 


1.4.3 Partition 


In the partition (absorption) mechanism, the mobile phase may be a gas, supercritical 
fluid, or liquid. The stationary phase is a permeable liquid or polymer, such that the 
solute is completely surrounded and solvated by the molecules of the stationary phase. In 
this mechanism, retention is based entirely on the solubility of the solute in the mobile 
and stationary phases. In order to understand this mechanism in greater depth and detail, 
we will use a model based on regular solution theory, which is an extension of standard 
gas-phase thermodynamics to the liquid phase. There are several assumptions of this 
model: 

(a) The interaction forces between two molecules i and j are assumed to be additive. 

The presence of other molecules does not influence the interaction energy. 

(b) The molecule is considered to be a point mass and charge at the center of a 

volume V. There is no change in net volume upon mixing molecules i and /. 

(c) The solution of molecules i and j is randomly mixed, so that there is no 

preferential order or orientation. 
This model was originally developed by Hildebrand and Scott for nonpolar molecules 
with dispersion forces only [63]. It was later extended to include other forces, such as 
dipole induction, orientation, etc. [64]. However some of the assumptions may not be 
valid, so restraint must be exercised in extrapolating the results of this model to polar 
molecules. The basis for this model is the Hildebrand solubility parameter, 5, 
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which is defined by 


—-U 
eens 1.89 
V (1.89) 
The solubility parameter represents the cohesive energy density, or internal energy per unit 
volume, of a pure material (solute, mobile phase, or stationary phase). As such, it is a 
direct numerical measure of polarity; the greater the solubility parameter, the greater the 
polarity. The overall solubility parameter has been divided into three components 


8 = 83+8, +8; (1.90) 


where 84 represents the dispersion forces, 55 represents the polar interactions due to dipole 
induction and orientation forces, and 8; represents the hydrogen-bonding forces. Barton 
[64] has tabulated values of the overall solubility parameter as well as the individual 
components for many organic molecules, a representative selection of which is given in 
Table 1.13. For the normal alkanes, dispersion is the only important cohesive force, and 
the solubility parameter increases slightly with carbon number. The interaction energy for 
n-hexane is similar to that for cyclohexane, but the molar volume for cyclohexane is 
smaller, so that the solubility parameter increases according to Eqn. 1.89. For benzene, the 
dispersion contribution is slightly higher than for n-hexane or cyclohexane because of the 
smaller molar volume. The polar contribution is negligible for benzene, as there is no 
permanent dipole moment. However, there is a noteworthy contribution from hydrogen 
bonding, since benzene can act as a base (proton acceptor or t-electron donor). The 
addition of an alkyl group, with its smaller interaction energy, leads to a decrease in the 
solubility parameter for toluene and ethyl benzene. However, an extension of the aromatic 
structure, as for naphthalene, increases the individual components as well as the overall 
solubility parameter. The substitution of halogens has an interesting effect. Methylene 
chloride is much more polar than the alkanes, with larger contributions to the solubility 
parameter from dispersion, polar, and hydrogen-bonding components. However, the 
further addition of chlorine decreases the polarity; the solubility parameter for chloroform 
is slightly less and for carbon tetrachloride it is substantially less than for methylene 
chloride. Chlorobenzene is only slightly more polar than benzene. For oxygen-containing 
compounds, the ether group has the smallest effect on polarity. Relative to the alkanes, 
there is a small increase in the polar contribution and a larger increase in the hydrogen 
bonding contribution, since the ether group can serve as a base (proton acceptor or electron 
pair donor). The interaction energy for tetrahydrofuran is similar to that for diethyl] ether, 
but the solubility parameter is greater, owing to the smaller molar volume. The ketone, 
ester, and carboxylic acid groups have progressively greater effects, as indicated by 
acetone, ethyl acetate, and acetic acid. The hydroxyl groups have the greatest effect, with a 
very substantial polar and hydrogen-bonding contribution. As indicated by the series of 
methanol, ethanol, and propanol, the addition of alkyl substituents to the polar hydroxyl 
group serves to decrease the overall polarity of the molecule. For nitrogen-containing 
compounds, the nitrile group has the smallest effect on polarity, followed by nitro and 
amide groups. Finally, water has the highest solubility parameter with very substantial 
contributions from hydrogen bonding. 
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TABLE 1.13 


TRENDS AND TYPICAL VALUES FOR THE MOLAR VOLUME, V, HILDEBRAND 
SOLUBILITY PARAMETER, 8, AND ITS DISPERSION, 8g, POLAR, 5,, AND HYDROGEN- 
BONDING, 6,, COMPONENTS [64] 


Solute V 0) Sa Sp Sh 
(cm?/ mol) (cal/ cm?) 2 (cal/ cm?) ue (cal/ cm?) Me (cal/ cm?) ue 


n-Pentane 116.2 7.0 7A 0.0 0.0 
n-Hexane 131.6 73 7.3 0.0 0.0 
n-Heptane 147.4 74 75 0.0 0.0 
n-Octane 163.5 7.6 7.6 0.0 0.0 
n-Dodecane 228.6 79 7.8 0.0 0.0 
Cyclohexane 108.7 8.2 8.2 0.0 0.1 
Benzene 89.4 9.2 9.0 0.0 1.0 
Toluene 106.6 8.9 8.8 0.7 1.0 
Ethyl benzene 123.1 8.8 8.7 0.3 0.7 
Naphthalene 111.5 9.9 9.4 1.0 2.9 
Dichloromethane 63.9 9.7 8.9 3.1 3.0 
Chloroform 80.7 9.3 8.7 1.5 2.8 
Carbon tetrachloride 97.1 8.6 8.7 0.0 0.3 
Chlorobenzene 102.1 9.5 9.3 2.1 1.0 
Tetrahydrofuran 81.7 9.1 8.2 2.8 3.9 
Diethyl] ether 104.8 74 TA 1.4 25 
Acetone 74.0 9.9 7.6 5.1 3.4 
Ethyl acetate 98.5 9.1 ESL, 2.6 35 
Methanol 40.7 14.5 TA 6.0 10.9 
Ethanol 58.5 12.7 7.7 4.3 9.5 
1-Propanol 75.2 11.9 7.8 3.3 8.5 
Acetic acid 57.1 10.1 7A 3.9 6.6 
Acetonitrile 52.6 11.9 15 8.8 3.0 
Nitromethane 54.3 12.7 7.7 9.2 25 
Formamide 39.8 19.2 8.4 12.8 9.3 
Water 18.0 23.4 7.6 718 20.7 


The solubility parameter can be related to the equilibrium constant for solute transfer 
between the mobile and stationary phases in the partition mechanism [65,66] 


Vi 
Ink = 57 (6; io 35)’) (1.91) 


where 6;, dy, and Sg are the solubility parameters of the solute, mobile phase, and 
stationary phase, respectively. This equation provides a great deal of insight into the nature 
of the partition mechanism. There are two parenthetical terms, the first is concerned with 
the difference in polarity between the solute and the mobile phase (6; — 5,4), the second 
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with the difference in polarity between the solute and the stationary phase (8; — 6s). It is 
this balance of forces that controls the extent of retention. As the solute polarity 
approaches that of the mobile phase (6; = 5),), then In K reaches a minimum value, 
determined by the solubility in the stationary phase (8; — 8s)*. As the solute polarity 
approaches that of the stationary phase (6; = 5,), then In K reaches a maximum value 
determined by the solubility in the mobile phase (8; — 8)’. If the solute polarity is 
midway between that of the mobile and stationary phases (8; = (8y + 8s)/2), then 
(8; — 8)? = (8; — 8s)” and K =1. Under these conditions, the solute activity (or 
concentration) is equal in the mobile and stationary phases. 

Eqn. 1.91 can also be used to derive an expression for the selectivity factor of two 
solutes with equal molar volume (V; = V; = V) 


K; _ 2Vv 


In a = In (8; — 5))(5m — 5s) (1.92) 
This equation shows that the extent of separation between two solutes is influenced by the 
difference in polarity between the two solutes (6, — 8,). Solutes with greatly differing 
polarity should be easily separated. However, the separation becomes more difficult as the 
polarities of the solutes approach one another. For the case of 6; = 6;, the selectivity 
reaches a minimum value (a = 1) and no separation is possible. The extent of the 
separation also depends on the difference in polarity between the mobile and stationary 
phases (Sy — 5,). The greater the difference in polarity between the two phases, the 
greater the ability of the chromatographic system to separate solutes of similar polarity. 
Let us now consider the application of this model to gas chromatography, as 
illustrated schematically in Fig. 1.19A. The molar volume of the mobile phase is very 
large (22.4 L for an ideal gas), so that 8, ~ O(cal/ cm?)'/?, Because the mobile phase 
is essentially inert, 5; must be used to control retention and selectivity. As a 
consequence, there are more than 100 different stationary phases available for gas 
chromatography [67], with solubility parameters ranging from ~7 (cal/em*)"? for 
nonpolar phases such as polydimethylsiloxane polymers to ~15 (cal/em*)'” for the 
most polar phases. This range of solubility parameters for the mobile and stationary 
phases suggests that solutes ranging from 3.5 to 7.5 (cal/em*)'” can be separated with 
K =1, as shown in Fig. 1.19A. Thus, gas chromatography is limited to relatively 
nonpolar solutes. The solutes are eluted in order of increasing polarity according to 
Eqn. 1.91. As 8y, and dg are fixed in this equation, temperature is the only variable 
that is available to adjust retention during the separation. As temperature is increased, 
solute retention decreases logarithmically. Hence, isothermal and gradient temperature 
programs are commonly employed for complex samples in gas chromatography. 
Next, let us consider the application of this model to liquid chromatography. We can 
distinguish two distinct cases, normal and reversed phase, as illustrated schematically in 
Figs. 1.19B and 1.20C, respectively. In normal-phase liquid chromatography, the mobile 
phase is less polar than the stationary phase (6,4 < 5s). Common stationary phases are 
silica, modified with aminopropyl or cyanopropyl groups, for which we may estimate a 
solubility parameter of ~ 15 (cal/em*)'?. Common mobile phases consist of hexane, 
mixed with polar modifiers such as chloroform, tetrahydrofuran, and acetonitrile. These 
modifiers are chosen on the basis of their differences in selective interactions; specifically, 
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Fig. 1.19. Schematic representation of gas chromatography (a), normal-phase liquid chromatography 
(b), reversed-phase liquid chromatography (c), and supercritical-fluid chromatography (d) according 
to the regular solution model, with typical values for the solubility parameters of the mobile phase, 
5m, Stationary phase, ds, and solute 4;. 


chloroform has strong acidic hydrogen bonding, tetrahydrofuran has strong basic 
hydrogen bonding, and acetonitrile has strong dipole interactions (Table 1.13). Hence, 
the solubility parameter of the mobile phase may range from 7.3 (cal/em*)'”” for pure 
hexane to 11.9 (cal/em*)'” for pure acetonitrile. This range of solubility parameters for the 
mobile and stationary phases suggests that solutes ranging from 11.1 to 13.5 (cal/em*)'” 
can be separated with K = 1, as shown in Fig. 1.19B. Thus, normal-phase liquid 
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Fig. 1.19 (continued) 


chromatography is useful for the separation of a relatively narrow range of polar 
molecules. The solutes are eluted in order of increasing polarity according to Eqn. 1.91. 
Although 8g is fixed in this equation, either 5), or temperature can be used to adjust 
retention during the separation. Of these options, mobile-phase composition is most 
commonly employed in liquid chromatography. For a mixed mobile phase, the solubility 
parameter can be calculated as 


5= > 638; (1.93) 
i=1 
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where ¢ is the volume fraction and 6 the solubility parameter of each constituent. As the 
solubility parameter of the mobile phase is increased, solute retention decreases 
logarithmically. Hence, isocratic and gradient mobile-phase compositions are commonly 
employed for complex samples in normal-phase liquid chromatography. 

In reversed-phase liquid chromatography, the mobile phase is more polar than the 
stationary phase (8, > 5s). Common stationary phases are silica, modified with octyl or 
octadecyl groups, for which we may estimate a solubility parameter of ~ 7.5 (cal/em*)'”. 
Common mobile phases consist of water mixed with organic modifiers, such as methanol, 
tetrahydrofuran, and acetonitrile. These modifiers are chosen on the basis of their 
differences in selective interactions. Specifically, methanol has strong acidic hydrogen 
bonding, tetrahydrofuran has strong basic hydrogen bonding, and acetonitrile has strong 
dipole interactions (Table 1.13). Hence, the solubility parameter of the mobile phase may 
range from 9.1 (cal/em*)"”” for pure tetrahydrofuran to 23.4 (cal/em*)"” for pure water. This 
range of solubility parameters for the mobile and stationary phases suggests that solutes 
ranging from 8.3 to 15.5 (cal/em*)'” can be separated with K = 1, as shown in Fig. 1.19C. 
Thus, reversed-phase liquid chromatography is useful for the separation of a very wide 
range of nonpolar and polar molecules. The solutes are eluted in order of decreasing polarity 
according to Eqn. 1.91. For solutes with similar polarity, such as the polycyclic aromatic 
hydrocarbons, the solutes are eluted in order of increasing molar volume according to 
Egn. 1.91. Although 3s is fixed in this equation, either 5), or temperature can be used to 
adjust retention during the separation. Of these options, isocratic and gradient mobile- 
phase compositions are most commonly employed for the separation of complex samples. 
Reversed-phase separations are used for a vast majority of all applications in liquid 
chromatography because of the broad range of solutes that can be separated [68]. 

It is helpful to examine a hypothetical example in more detail. Suppose that we have a 
solute with a solubility parameter of 12.5 (cal/em*)'”, which is amenable to separation by 
either normal- or reversed-phase liquid chromatography. For a reversed-phase separation, 
the solubility parameter of the octadecylsilica stationary phase is approximately 
7.5 (cal/em>)'*. Using Eqn. 1.91, we calculate that the solubility parameter of the mobile 
phase must be 17.5 (cal/em*)'” to elute the hypothetical solute with K = 1. This mobile 
phase may be achieved in several different ways according to Eqn. 1.93: 66% methanol/ 
34% water, 41% tetrahydrofuran/59% water, or 51% acetonitrile/49% water. Each of these 
mobile phases provides the same overall polarity and, hence, the same elution strength 
(isoeluotropic). However, each will have slightly different selective interactions with the 
solutes of interest. If the solutes differ in hydrogen-bonding character, we may choose 
methanol (acidic) or tetrahydrofuran (basic) solvents as the modifiers. However, if the 
solutes differ in dipole moment, we may choose acetonitrile as the modifier. Because of the 
great breadth of mobile-phase strength and selectivity that can be achieved, only a few 
stationary phases are needed for liquid chromatography. 

Finally, let us consider the application of this model to supercritical-fluid 
chromatography, as illustrated schematically in Fig. 1.19D. The solubility parameter of 
a supercritical fluid has been given by Giddings et al. [69] as 


du = 1.25p.( (1.94) 


Pr ) 
p, (liq) 
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where p, is the critical pressure, p, is the critical density, p, = p/p, is the reduced density, 
and p,(/iqg) is the reduced density of the liquid, which is approximately 2.66 for many 
fluids. One of the most common mobile phases is carbon dioxide, whose critical 
temperature is 31 °C, critical pressure is 73 atm, and critical density is 0.464 g/em*. The 
solubility parameter can range from the gas phase (6, ~ 0 (cal/cm*)!/ *) to the liquid 
phase (8y = 10.7 (cal/ cm?)!/?) by suitable adjustment of temperature and pressure. 
Common stationary phases are polydimethylsiloxane (~ 7 (cal/em*)'”) and polyethylene 
oxide (~ 10 (cal/em*)'”), which are also widely used for gas chromatography. This range 
of solubility parameters for the mobile and stationary phases suggests that solutes ranging 
from 3.5 to 10.3 (cal/em*)'”” can be separated with K = 1, as shown in Fig. 1.19D. Thus, 
supercritical-fluid chromatography is useful for the separation of a wide range of nonpolar 
and moderately polar molecules. Retention can be adjusted by means of the temperature, 
pressure, or composition of the mobile phase through the addition of a polar modifier, such 
as methanol or acetonitrile. Because of the broad range of mobile-phase polarity that can 
be achieved, supercritical-fluid chromatography effectively bridges the gap between gas 
and liquid chromatography. 

In summary, partition is one of the most common separation mechanisms in gas, 
supercritical-fluid, and liquid chromatography. Retention and selectivity are based on the 
relative solubility of the solute in the mobile and stationary phases. In general, the 
isotherms are linear (Fig. 1.18A) and the equilibrium constants do not vary significantly 
with solute concentration. The regular solution model, which is based on the Hildebrand 
solubility parameter, provides detailed insight into the nature of this separation 
mechanism. 


1.4.4 Adsorption 


There are several features that distinguish the adsorption mechanism from the partition 
mechanism [70]. First, the stationary phase is an impermeable, solid surface. One of the 
most common stationary phases is silica, with the nominal chemical formula SiO). At the 
surface, some of the sites remain as siloxane groups (Si—O-Si) while others are 
hydrolyzed to silanol groups (Si-OH). The siloxane groups are weakly basic, whereas 
the silanol groups are weakly acidic. Another common stationary phase is alumina, with 
the nominal formula Al,03. Alumina is not hydrolyzed to the same extent as silica, so the 
surface remains weakly basic. Carbonaceous materials are widely used as adsorbents, 
including charcoal, carbon black, graphite, etc. These materials consist primarily of 
aromatic sheets, with relatively weak dispersion, dipole-induction, and dipole-orientation 
interactions. However, at edges and other defect sites, oxidation can occur to form 
hydroxyl, carbonyl, and carboxyl groups. These groups have much stronger interactions, 
including both acidic and basic hydrogen bonding. These stronger interactions are 
usually detrimental to the performance of the material. Hence, porous graphitic carbon, 
which has the most stable surface and is relatively free of surface oxides, is the most 
suitable carbonaceous material for chromatographic separations. There are a variety of 
other, less common adsorbents, such as magnesia (magnesium oxide/hydroxide), 
zirconia (zirconium oxide/hydroxide), zeolite (sodium or calcium aluminosilicates), and 
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Florisil (magnesium silicate). Finally, there are a number of rigid polymers such as 
polystyrene, polystyrene/divinylbenzene, acrylonitrile/divinylbenzene, etc. 

Most of these adsorbents are heterogeneous, having surface sites with different 
functional groups. These functional groups generally involve strong selective interactions, 
such as dipole orientation and hydrogen bonding. Owing to these strong interactions, there 
is often a fixed stoichiometry between the solute and the stationary phase, most frequently 
1:1, but occasionally 1:2 or higher. However, because the stationary phase is a solid with a 
fixed surface area, there are a limited number of surface sites. Consequently, the solute 
molecules are in competition for the surface sites and may be displaced by more strongly 
interacting species. These features of the adsorption mechanism make it distinctly 
different from partition. 

The extent of retention is described by the equilibrium constant, which is related to the 
free energy of adsorption (Eqn. 1.80). Snyder [70,71] has defined the group interaction 
energy as the free energy of adsorption for a specific functional group minus the free 
energy for an equivalent volume of n-pentane. Selected values of the group interaction 
energy are summarized in Table 1.14 for silica and alumina [71]. The adsorption energy 
for methyl and methylene groups is nearly zero, whereas those for aromatic and higher 
bond orders are slightly greater. In general, the adsorption energy for specific functional 
groups is greater in aliphatic solutes than in aromatic solutes. This trend is observed 
because the electron density of the functional group remains localized in aliphatic 
molecules, but is dispersed throughout the aromatic ring, thereby decreasing its 
availability for interaction with the adsorbent. Accordingly, aliphatic halogen compounds 
have very high adsorption energy relative to their aromatic counterparts. This results from 
the high polarizability and dipole moment of the halogens (Tables 1.10 and 1.12), leading 
to greater interactions from dipole induction and orientation. For acidic groups (proton 
donors), such as thiol, hydroxyl, and carboxyl, the adsorption energy is greater on alumina 
than on silica. For basic groups (electron-pair donors), such as carbonyl, amine, and nitrile, 
the adsorption energy is greater on silica than on alumina. These selective interactions are 
a consequence of the weakly acidic and weakly basic character of silica and alumina, 
respectively. 

If the functional groups of the solute act independently then, to a first approximation, 
the group interaction energies are additive. Hence, we can estimate the overall interaction 
energy by summation of the individual values for each functional group. For example, the 
interaction energy of 1,4-dinitrocyclohexane on silica is given by 6(—0.05) + 2(5.71) = 
11.1 kcal/mol. However, if the functional groups of the solute do not act independently, 
then secondary structural effects can arise [70]. Some secondary effects are concerted or 
synergistic in nature. For example, the functional groups in 1,2-dinitrocyclohexane are in 
close proximity, such that they can both be adsorbed on the surface at the same time. Their 
interaction is subsequently greater than would be expected for two isolated functional 
groups, as in 1,4-dinitrocyclohexane. Hence, synergistic effects lead to an increase in 
solute retention. Other secondary effects are antagonistic in nature. For example, the 
functional groups in 1,2-aminohydroxycyclohexane are in close proximity, such that 
hydrogen bonding can occur between the acidic hydroxyl group and the basic amine 
group. Their interaction with the surface is subsequently less than would be expected for 
two isolated functional groups, as in 1,4-aminohydroxycyclohexane. Hence, antagonistic 
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TABLE 1.14 


TRENDS AND TYPICAL VALUES FOR THE GROUP ADSORPTION ENERGY, Q;, IN 
ALIPHATIC AND AROMATIC SOLUTES ON ALUMINA AND SILICA [71] 


Group Group adsorption energy (kcal/mol) 

Aliphatic* Aliphatic— Aromatic*** 

aromatic”” 

Al,O3 SiO, Al,O3 SiO, Al,O3 S10 
CH; (sp) — 0.03 0.07 - - 0.06 0.11 
CH (sp*) 0.02 —0.05 0.07 0.01 0.12 0.07 
C (sp’) 0.31 0.25 0.31 0.25 0.31 0.25 
F 1.64 1.54 - - 0.11 -0.15 
Cl 1.82 1.74 - - 0.20 —0.20 
Br 2.00 1.94 - - 0.33 -0.17 
I 2.00 1.94 - - 0.51 -0.15 
S 2.65 2.94 1.32 1.29 0.76 0.48 
SH 2.80 1.70 - - 8.70 0.67 
O 3.50 3.61 LTT 1.83 1.04 0.87 
OH 6.50 5.60 - - 7.40 4.20 
H-C=O 4.73 4.97 - - 3.35 3.48 
C=O 5.00 5.27 3.74 4.69 3.30 2.68 
O-C=O 5.00 5.27 3.40 3.45 2.67 2.68 
HO-C=O 21 7.60 - - 19 6.10 
H,N-C=O 8.90 9.60 - - 6.20 6.60 
NH, 6.24 8.00 - - 4.41 5.10 
NO, 5.40 5.71 - - 2.75 2.77 
C=N 5.00 S27 - - 3.25, 3.33 


Ra RAR oPRAGRS. 
** Ar—i-R, or Ar—i-R>. 
***" Ar-i, Ar—i—Ar, or Ar—i—Ar. 


effects lead to a decrease in solute retention. Another type of secondary effect arises from 
intramolecular electronic induction. For example, consider the aromatic molecules 
p-methoxyaniline and p-nitroaniline. Of the functional groups on these molecules, the 
amine group has the strongest interaction energy (Table 1.14). The methoxy group donates 
electrons to the aromatic ring, thereby making the amine group more basic and increasing 
retention. Any electron-donating substituent (NH, > OH > OCH; > C,H; > CH3) will 
have this effect. The nitro group withdraws electrons from the aromatic ring, thereby 
making the amine group less basic and decreasing retention. Any electron-withdrawing 
substituent (NH} > NO, > C=N > SO3H > HO-C=O > H-C=O > R-C=0) will 
have this effect. The inductive effects in the ortho-, meta-, and para-positions in aromatic 
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molecules correlate very well with Hammett acidity functions [72]. The final type of 
secondary effect arises from steric constraints. For example, consider ortho- and para-t- 
butylaniline. The bulky ¢-butyl group in the ortho-position limits access of the amine 
group to the surface. The interaction is subsequently less than would be expected for 
groups in the para-position. Hence, steric hindrance leads to a decrease in solute retention. 
Consider also naphthalene and bipheny]. The aromatic rings in naphthalene lie within the 
same plane, such that they can both be adsorbed on the surface at the same time. The 
interaction is subsequently greater than would be expected for aromatic rings that are not 
coplanar, as in biphenyl. Hence, a planar structure can lead to an increase in solute 
retention. Finally, consider tetracene and pyrene. The linear aromatic rings in tetracene 
can interact very effectively with multiple sites, especially on alumina, which has a very 
regular surface structure. Hence, a linear structure can lead to an increase in solute 
retention. All of these steric effects provide excellent selectivity for isomeric solutes in the 
adsorption mechanism. 

The role of the mobile phase in adsorption is distinctly different from that in the 
partition mechanism. In gas chromatography, the mobile phase is inert and has little or no 
effect on solute retention. In liquid and supercritical-fluid chromatography, the mobile 
phase has distinct chemical properties and acts as a displacing agent for solutes at the 
surface sites. Thus, it is the strength of mobile-phase interactions with the adsorbent, rather 
than with the solute, that is important. The solvent-strength parameter, 5°, was developed 
as a numerical scale of the relative elution strength on alumina. Selected values are 
summarized in Table 1.15 [70]. The solvent strength on other adsorbents is usually 
proportional but slightly smaller than that on alumina, for example 


e°(silica) = 0.77e° (alumina) (1.95) 
s°(magnesia) = 0.58e°(alumina) (1.96) 
e°(Florisil) = 0.52e°(alumina) (1.97) 


The mobile phase is prepared by selecting a bulk constituent with a relatively low solvent- 
strength parameter, such as pentane, hexane, carbon tetrachloride, or chloroform. Polar 
modifiers are then added to act as displacing agents. The modifier is selected for its 
miscibility with the bulk constituent and its solvent strength, rather than selectivity. The 
strength of the mixed mobile phase, e4p, is given by 

an,(e% —e%) _ 
Sey iat Oe a) (1.98) 


Qn, 


where X, and n, are the mole fraction and molecular area (Table 1.15), respectively, of the 
modifier, and «4 and ep are the solvent strength parameters of the modifier and bulk 
constituent. The strength of mixed mobile phases, when pentane is used as the bulk 
constituent with several different modifiers, is shown in Fig. 1.20. For weak modifiers, such 
as carbon tetrachloride, the overall solvent strength changes smoothly and continuously 
with the mole fraction. As the difference in strength between the modifier and the bulk 
constituent increases, the overall solvent strength changes more significantly and over 
smaller ranges of the mole fraction. For the strongest modifiers, such as ethanol, the most 
significant changes in solvent strength occur at mole fractions less than 0.01. In general, the 
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TABLE 1.15 


TRENDS AND TYPICAL VALUES FOR THE SOLVENT STRENGTH PARAMETER, &°, AND 
MOLECULAR AREA, n, ON ALUMINA [70] 


Solvent Strength parameter Molecular area 
n-Pentane 0.00 5.9 
n-Hexane 0.01 6.8 
n-Decane 0.04 10.3 
Cyclohexane 0.04 6.0 
Benzene 0.32 6.0 
Toluene 0.29 6.8 
Dichloromethane 0.42 4.1 
Chloroform 0.40 5.0 
Carbon tetrachloride 0.18 5.0 
Chlorobenzene 0.30 6.8 
Tetrahydrofuran 0.45 5.0 
Diethyl] ether 0.38 4.5 
Acetone 0.56 4.2 
Ethyl] acetate 0.58 of 
Methanol 0.95 8.0 
Ethanol 0.88 8.0 
Acetic acid Large 8.0 
Acetonitrile 0.65 10.0 
Nitromethane 0.64 3.8 
Water Large 


mobile-phase composition should be adjusted within the regions where solvent strength is 
linearly related to mole fraction, so that retention can be accurately controlled. 

As noted in Fig. 1.20, modifiers with very high solvent strength have significant effects 
even at low concentrations. As a consequence, trace concentrations of water can have a 
dramatic effect on retention. The primary problem is variability in water concentration in 
solvents and in adsorbents, which can lead to fluctuations in retention and poor 
reproducibility. As a consequence, the water content must be carefully controlled. For 
solvents, the most reliable approach is to prepare them at 50% of the water-saturation 
level. Two batches of solvent are required, one completely dry and the other fully saturated 
with water, at a fixed temperature and pressure. Each day, these two batches of solvent are 
mixed together in equal volumes to prepare reproducible mobile phases. For the adsorbent, 
the water content is usually specified by the Brock activity scale. The adsorbent is initially 
dried at 800°C to remove all physisorbed and chemisorbed water from the surface 
(Grade I). Then, water is selectively added to achieve Grade II (3%), Grade III (6%), 
Grade IV (10%), and Grade V (15%) activity. An increase in the water content decreases 
the activity of the adsorbent and decreases retention. 
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Fig. 1.20. Solvent strength of mixed mobile phases for adsorption. (A) pentane («3 = 0.00) and 
carbon tetrachloride (e{ = 0.18), (B) pentane and dichloromethane (e{ = 0.42), (C) pentane and 
acetone (64 = 0.56), (D) pentane and ethanol (e4 = 0.88). 


Finally, it is important to consider the shape of the isotherm in the adsorption 
mechanism [73,74]. At very low solute concentrations, the isotherm may be linear, as 
shown in Fig. 1.18A. A linear isotherm leads to a symmetric, Gaussian zone profile with a 
constant value of the equilibrium constant. As the concentration increases, however, 
deviations from linearity may be observed. There are several common shapes of the 
isotherm. If the surface is homogeneous with a limited number of surface sites, then the 
isotherm may be convex, as shown in Fig. 1.18B. In this case, the equilibrium constant has 
a constant value until the solute concentration exceeds the number of surface sites, 
whereafter it approaches zero. This isotherm can be described by the empirical equation of 
Freundlich [75] 


Cs =k Cy" (1.99) 


where k, and k2 are adjustable parameters. Alternatively, this isotherm can be described by 
the kinetic equation of Langmuir [76] 


kiCy 


os, 1.100 
1 EB Ce ( ) 


The convex isotherm leads to an asymmetric (tailing) zone profile. 
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If the surface is homogeneous but has very little interaction with the solute, then the 
isotherm may be concave as shown in Fig. 1.18C. In this case, the equilibrium constant has 
a small constant value initially but becomes larger as solute molecules begin to interact 
with one another rather than with the surface. This isotherm can also be described by the 
empirical equation of Freundlich. The concave isotherm leads to an asymmetric (fronting) 
zone profile. More complex shapes of the isotherm may be observed if the surface is 
heterogeneous, if there is multilayer rather than monolayer coverage, or if there are pores. 
All of these isotherms, both simple and complex, can be described by the comprehensive 
equation of Brunauer, Emmett, and Teller [77,78]. The practical outcome is that solute 
concentrations should be maintained within the linear region of the isotherm to provide 
reproducible retention time, symmetrical peak shape, and good resolution. 


1.4.5 Complexation 


Adsorption is a special case of the more general mechanism of complexation. 
Complexation may take place in either the mobile or stationary phase. If the complexing 
agent is in the mobile phase, an increase in the equilibrium constant will generally lead to a 
decrease in the retention factor. Conversely, if the complexing agent is in the stationary 
phase, an increase in the equilibrium constant will lead to an increase in the retention 
factor. As in adsorption, there are a limited number of interaction sites in the mobile or 
stationary phase for complexation. Hence, similar problems arise with regard to nonlinear 
isotherms, and any of the models described for adsorption are also applicable to 
complexation. 

Complexation involves strong selective forces, usually arising from electron 
donor/acceptor interactions [79]. There are several types of electron donors: nonbonding 
electron pairs (n-donors) such as amines, sulfides, ketones, and ethers, bonding o-orbitals 
(o-donors) such as alkanes and alkylpolysiloxanes, and bonding a-orbitals (a-donors) 
such as alkenes, alkynes, and aromatics. There are also several types of electron acceptors: 
vacant orbitals (n-acceptors) such as Ag*, Cu**, and other metal cations, antibonding 
o’-orbitals (o*-acceptors) such as halogenated alkanes, and antibonding 1°-orbitals 
(m"-acceptors) such as alkenes, alkynes, and aromatics with electron-withdrawing 
subsituents. From among these possibilities for electron donor/acceptor interactions, 
some combinations are more common than others. The most common are n—n, n—o", 
n—w’, wn, and 7-7". 

Nearly any reversible complexation reaction that is sufficiently rapid for analytical 
applications such as titration, spectroscopy, etc. can be adapted for separations by gas, 
supercritical-fluid, or liquid chromatography. Accordingly, there are hundreds of reactions 
that have already been used and thousands more that are potentially useful. In these 
reactions, there may be a single site or multiple sites for interaction. The equilibrium 
constants for multiple sites are generally larger than would be expected simply on the basis 
of the strength of the individual interaction sites. As shown in Table 1.16, the equilibrium 
constants for cadmium increase significantly with the number of amine groups in the 
complexing agent [80]. This increase is due, in part, to the enthalpic contributions, which 
increase proportionately for each additional amine group. More important, however, is the 
increase due to the entropic contributions. When ammonia or methylamine bind to the 
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TABLE 1.16 


ILLUSTRATION OF THE CHELATE EFFECT FOR COMPLEXES OF CADMIUM WITH 
AMINE LIGANDS* 


Complex Log K AG (kcal/mol) AH (kcal/mol) AS (cal/mol K) 
Cd(NH3)3* 744 — 10.15 — 12.70 — 8.52 
Cd(NH>CH3)3* 6.55 — 8.94 — 13.70 — 16.00 
Cd(NH>CH)CH)NH3)3* 10.62 — 14.50 — 13.50 3.29 


“ Equilibrium constant, K, and associated thermodynamic parameters (AG, AH, AS) measured in 
water at 25 °C [80]. 


metal, one solvent molecule is released; when ethylenediamine binds, two solvent 
molecules are released; and so on. This increase in the number of solvent molecules 
increases the net entropy of the system. Although the entropy increase in Table 1.16 
appears to be small, it is multiplied by the temperature to determine the net Gibbs free- 
energy and equilibrium constant in Eqn. 1.82. Accordingly, the entropic contributions are 
generally the most important for complexing agents with multiple binding sites. This 
general trend is known as the “chelate effect’, and is commonly encountered with 
polyamines, polyethers, polyalcohols, polycarboxylic acids, etc. We may similarly 
compare complexing agents with the same number of binding sites, arranged in a linear or 
cyclic structure. As shown in Table 1.17, the cyclic structure has a significantly larger 
equilibrium constant than the corresponding linear structure of triethylenetetramine [81]. 


TABLE 1.17 


ILLUSTRATION OF THE MACROCYCLIC EFFECT FOR COMPLEXES OF COPPER WITH 
AMINE LIGANDS* 


Complex Log K AG AH AS 
(kcal/mol) (kcal/mol) (cal/mol K) 


Cu(NH>CH,»CH»NHCH)- 20.2 —27.6 —21.6 19.5 
CH3NHCH>CH)NH3)?* 

Cu(cyclo-NH;CH,CH,NHCH,CH3- 24.8 — 33.8 —22.7 36.2 
NHCH,CH)NH>CH>CH))** 


“ Equilibrium constant, K, and associated thermodynamic parameters (AG, AH, AS) measured in 
water at 25 °C [81]. 
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For the linear structure, a dynamic equilibrium exists in which metal ions may be partially 
bound to a different number of amine groups. In contrast, the cyclic tetramine has only two 
states, fully free and fully bound by metal. Accordingly, the enthalpic contributions are 
greater for the cyclic structure. However, it is the entropic contributions that are the most 
important. This general trend is known as the “macrocyclic effect”. It is most commonly 
encountered with cyclic polyethers (e.g., crown ethers) and cyclic polysaccharides (e.g., 
cyclodextrins). The data in Tables 1.16 and 1.17 illustrate another important advantage of 
complexing agents with multiple sites and cyclic structures: they can impart a selectivity 
based on size and shape. The distance between complexing groups and the size of the 
cyclic structure can be adjusted to optimize interactions with specific solutes. As a 
consequence, complexation is especially beneficial for the separation of positional 
isomers, cis/trans- or E/Z-isomers, and optical isomers. Some examples of these 
separations will be described below. 

One of the earliest and most successful examples of complexation is known as 
argentation chromatography. In this method, alkenes and aromatic molecules donate 
a-electrons to the vacant 5s orbital of Ag”. In general, isolated double bonds have greater 
interaction than conjugated double bonds because of the higher and more localized 
electron density. An increase in the degree of substitution on the double bond or aromatic 
ring reduces interactions with Ag* because of steric constraints. These features are 
illustrated in the separation of the 1,5,9-cyclododecatriene isomers by Vonach and 
Schomburg [82]. When separated by reversed-phase liquid chromatography (partition) 
with octadecylsilica stationary phase and 75% methanol/25% water mobile phase, there is 
little discrimination of these isomers. When 3 X 107? M AgClO, is added to the mobile 
phase, the E,E,E-isomer has the least accessibility whereas the Z,Z,Z-isomer has the 
greatest accessibility and the greatest interaction. Accordingly, the retention of the 
E,E,E-isomer decreases only slightly, the Z,E,E- and Z,Z,E-isomers decrease more 
significantly, and the Z,Z,Z-isomer is nearly nonretained. Argentation has been very 
successful for the separation of unsaturated fatty acids, prostaglandins, terpenes, and other 
isomeric alkene and aromatic solutes. 

Other transition metals such as Ce. Mn?*, Fe?*, Co", Nit, Cur*: Vie Pa?*, Pt, 
Cd?*, and Hg*t have also been used for complexation [79,83]. An example is the 
separation of the enantiomers of amino acids by ternary complexation with Cut by Lam 
et al. [84,85]. L-Histidine is added to the mobile phase, which forms a complex with cue 
by bonding in the plane through the amine group and the ring nitrogen and axially through 
the carboxylate group. The amino acids interact at the same time by bonding in the plane 
through their amine and carboxylate groups. The L-isomers form a less stable complex 
than the D-isomers, because the functional group of the amino acid interferes with the axial 
binding of the carboxylate group of L-histidine [86]. The complexes, which are neutral, are 
then separated by reversed-phase liquid chromatography (partition) with octadecylsilica as 
the stationary phase and 20% acetonitrile/80% water with an ammonium acetate buffer at 
pH 7.0. There is no separation of D,L-alanine because the methyl group provides no 
significant difference in stability of the complexes. As the size of the functional group 
increases, however, the difference in stability and the extent of separation increases. The 
propyl and isopropyl! groups of D,L-norvaline and D,L-valine provide selectivities of 1.20 
and 1.16, respectively. The butyl and iso-butyl groups of D,L-norleucine and D,L-leucine 
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provide selectivities of 1.45 and 1.41, respectively. This complexation enables excellent 
resolution of the enantiomers of the amino acids. 

Chiral separations have been achieved by many other approaches, most of which are 
derived from complexation reactions. A seminal study by Armstrong and DeMond [87] 
demonstrated that cyclic polysaccharides are useful for chiral separations in liquid 
chromatography. Based on the size of the solutes, inclusion complexes may be formed 
preferentially with a-, B-, or y-cyclodextrins, which have six, seven, and eight units of 
D-glucose, respectively. For example, B-cyclodextrin provides excellent resolution of the 
enantiomers of D,L-mephobarbital, but also provides resolution of a variety of other 
structural isomers of barbiturates. Since this seminal study, cyclodextrins in their native 
and derivatized forms have been broadly applied in gas, supercritical-fluid, and liquid 
chromatography as well as capillary electrophoresis. Because of the large number of 
chiral sites within the cyclodextrin rings, many chiral solutes can be well resolved. 
However, it is difficult to know a priori whether these stationary phases will provide a 
successful separation for any specific solutes. A more predicable approach has been 
proposed by Pirkle [88] based on the “three-point interaction model” of Cram [89]. In this 
approach, chiral stationary phases are specifically designed to have three sites of 
interaction that are appropriate for the functional groups surrounding the chiral center of 
the solute. These interaction sites may include any of the types discussed above, most 
commonly n-donors and acceptors as well as 7-donors and m’-acceptors. For example, 
the chiral stationary phase N-(3,5-dinitrobenzoyl)-D-phenylglycine has n-donor sites at 
the carbonyl groups and a w*-acceptor site at the dinitrobenzoyl group. This phase 
interacts with solutes having donor and acceptor sites at complementary positions. 
Although separations are more predictable with chiral stationary phases of this type, the 
number of solutes that can be separated with each phase is more limited. Accordingly, 
several dozen stationary phases have already been synthesized, and a few are now 
commercially available. 

In addition to the intentional use of complexation reactions discussed above, 
complexation may also arise inadvertently or by accident within a chromatographic 
system. In such cases, the interactions are more likely to be detrimental, leading to 
irreproducible retention times, poor peak shape, and poor resolution. One source of such 
interactions is trace metal impurities in the packing materials and solvents. Silica, the most 
common support for partition and adsorption mechanisms, may contain part-per-million 
concentrations of metals such as iron, aluminum, magnesium, copper, etc. [90]. If not 
removed by acid washing during the column manufacturing process, these metals can 
exhibit strong interactions with solutes containing ketone and amine functional groups. To 
test commercial columns, Verzele [91] has advocated the use of acetylacetone as a probe 
of trace-metal activity. In the absence of metals, this solute shows good peak height and 
peak symmetry and reproducible retention time. If metals are present, the solute exhibits 
extreme tailing and substantial reduction in peak height. These changes arise because of 
the strong interactions and the limited number of metal sites, which lead to nonlinear 
isotherms (vide supra). Although it may be possible to use displacing agents, such as citric 
acid, to improve chromatographic performance, it is best to avoid columns with metal 
impurities for solutes containing ketone and amine groups. 
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1.4.6 Ion exchange, ion exclusion, and ion pairing 


Consider an organic solute with acidic functional groups, such as aliphatic or aromatic 
carboxylic acids 


_ (4ecoo-)(4n+) 


ARCOOH 


RCOOH #RCOO +H*  K, (1.101) 
where the extent of ionization is reflected in the acid dissociation constant, K,. In general, 
weakly acidic solutes are predominantly neutral at pH values less than the pK, and 
predominantly anionic at pH values greater than the pK,. Consider also an organic solute 
with basic functional groups, such as aliphatic or aromatic amines 


7 (drnx, )(ax+) 


ARNHY 


RNH} = RNH,+H*  K, (1.102) 


In general, weakly basic solutes are predominantly cationic at pH values less than the pK, 
and predominantly neutral at pH values greater than the pK,. For such solutes, the separation 
may be performed in several distinct ways. The solutes may be converted to the ionic form 
and separated by ion exchange or ion chromatography. Alternatively, the solutes may be 
converted to the neutral form and separated by ion exclusion, ion pairing, or reversed-phase 
liquid chromatography. Each of these separation methods will be described in detail below. 

Ion exchange or ion chromatography [Chap. 4] is useful for the separation of ions, 
whether they are weak electrolytes that partially dissociate, as in Eqns. 1.101 and 1.102, or 
strong electrolytes that completely dissociate [68,92—94]. Ion exchange can also be used 
for the separation of complexes, as discussed in Sec. 1.4.5, if they are ionic. To separate 
ions by ion exchange, a stationary phase of opposite charge is chosen. For acidic solutes 
and others with negative charge, an anion-exchange polymer with quaternary amine 
groups is commonly used. For basic solutes and others with positive charge, a cation- 
exchange polymer with sulfate or sulfonate groups is commonly used. The mechanism of 
ion exchange is similar to that of adsorption, with competition for the limited number of 
surface sites and displacement as the means of elution. As in adsorption, the mobile phase 
is chosen on the basis of its strength as a displacing agent. Hence, aqueous solutions of 
strong or weak acids are used for anion exchange and aqueous solutions of strong or weak 
bases are used for cation exchange. The pH of the mobile phase must also be controlled to 
ensure that weakly acidic or basic solutes are in the fully ionized form. Although 
ion-induced dipole and ion—dipole forces are important, ion—ion interactions (Eqn. 1.73) 
are generally predominant. Consequently, the equilibrium constant and, hence, the extent 
of retention is determined primarily by the charge and size of the ionic solute. 

In their neutral form, weakly acidic and basic solutes can be separated by ion-exclusion 
chromatography. In this approach, the separation is performed on an ion-exchange resin 
with the same, rather than opposite, charge as the ionic form of the solutes. Ions with the 
same charge as the stationary phase are repelled and not retained, whereas nonionic and 
weakly ionic solutes are retained and separated by partitioning into the pores and 
interstitial volume. The separation is based, in large part, on the extent of dissociation, 
such that solutes are generally eluted in order of their pK, values. It is also dependent upon 
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the extent of solute interactions with the stationary phase, primarily from ion-induced 
dipole and ion—dipole forces. 

Weakly acidic or basic solutes can also be separated by the partition mechanism in 
reversed-phase liquid chromatography. According to Eqn. 1.91, the ionic form is not 
retained because of its high polarity and high solubility parameter, whereas the neutral 
form has a finite retention. The retention factor can be controlled between these two limits 
by means of the pH. For acidic solutes, the predominant form is neutral and retained at pH 
values less than their pK,, but ionic and nonretained at pH values greater than their pK,. 
Conversely for basic solutes, the predominant form is neutral and retained at pH values 
greater than their pK,, but ionic and not retained at pH values less than their pK,. The 
greatest changes in retention occur when the pH is in the vicinity of the pK,. An example 
of the effect of pH is shown in Fig. 1.21 [95]. The neutral solute, phenacetin, is largely 
unaffected by pH. The acidic solutes, salicylic acid and phenobarbital, have finite retention 
at low pH and become nearly nonretained as he pH increases. The basic solutes, nicotine 
and methylamphetamine, have a finite retention at high pH and become nearly nonretained 
at low pH. For both groups of solutes, an inflection point is visible when pH ~ pK,. 
Separation of these solutes could be achieved at several pH values, such as 5.0 or 7.0—8.0, 
where there is little overlap and a reasonable range of retention factors. 


40 


RETENTION VOLUME (mL) 
np wo 
i=) to) 


= 
oO 


Fig. 1.21. Effect of mobile phase pH on solute retention in reversed-phase liquid chromatography. 
Column: d, = 0.40 cm, L = 30cm, d, = 10 wm octadecylsilica. Mobile phase: 40% methanol/ 
60% water with 0.025 M NaH»PO,/Na,HPO, buffer, 2 mL/min. Solutes: (@) phenacetin, 
(m) salicylic acid (pK, = 2.98), (4) phenobarbital (pK, = 7.3), (G) nicotine (pK, = 6.16), 
(A) methylamphetamine (pK, = 10.1). Adapted from Ref. 95. 
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In addition to the hydrogen and hydroxide ions used for pH control, other ions can be 
used to impart neutrality to weakly acidic and basic solutes. In the ion-pairing technique, 
an alkylamine or alkylsulfonate is added to the mobile phase, and the separation is 
performed by reversed-phase liquid chromatography [96]. The alkyl chain of the ion-pair 
agent partitions into the nonpolar stationary phase, thereby creating a charged surface. 
Solute ions with the same charge as the ion-pair agent are repelled and not retained. Solute 
ions with opposite charge form ion pairs at the interface and then partition as neutral 
species into the nonpolar stationary phase. These trends are illustrated by using octylamine 
hydrochloride as the ion-pair agent in Fig. 1.22 [97]. Neutral solutes, such as toluene, are 
unaffected by the concentration of the ion-pair agent. Anionic solutes, such as 
benzenesulfonic acid and chromatropic acid, are attracted to the positively charged 
amine, so that their retention increases with the concentration of the ion-pair agent. 
Conversely, cationic solutes, such as aniline and benzylamine, are repelled, so that their 
retention decreases with the concentration of the ion-pair agent. Hence, solute retention 
can be controlled by means of the concentration, charge, and alkyl chain length of the ion- 
pair agent as well as the pH and composition of the mobile phase. 
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Fig. 1.22. Effect of octylamine hydrochloride concentration on solute retention in ion-pairing 
reversed-phase liquid chromatography. Column: d, = 0.40 cm, L= 30cm, d, = 10 wm octa- 
decylsilica. Mobile phase: 32.5% methanol/67.5% water, pH 3.0, containing the indicated 
concentration of octylamine hydrochloride. Solutes: (@) toluene, (m™) benzenesulfonic acid, 
(A) chromatropic acid, (O) aniline, (A) benzylamine. Adapted from Ref. 97. 
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Of the alternatives presented herein, only ion exchange can be used for the separation 
of permanent ions, such as strong acids, bases, and electrolytes. Because of the strong 
ion—ion forces, the resulting slow kinetics and nonlinear isotherms can often lead to broad 
and asymmetric solute zones. Hence, pH control and ion pairing with reversed-phase 
liquid chromatography are preferable alternatives for the separation of weak acids, bases, 
and electrolytes. Because of the weaker forces involved, peak shapes are generally 
symmetric and provide much higher plate number and resolution. 


1.4.7 Hydrodynamic and size exclusion 


As discussed in the previous sections, small molecules can be separated on the basis of 
the number and type of functional groups. However, many larger molecules have repeating 
structural units with the same functional groups. Examples include industrial polymers, 
such as polystyrenes, polyesters, polyacrylic acids, polyamides, etc. as well as 
biopolymers, such as peptides, proteins, nucleic acids, and polysaccharides. For such 
molecules, separation cannot usually be achieved by partition, adsorption, complexation, 
etc. because each repeating unit has the same interaction energy per unit volume. 
As discussed in Sec. 1.4.2, this interaction energy contributes to the molar enthalpy in 
Eqn. 1.82. Hence, it is more beneficial to minimize the enthalpic contributions and attempt 
to maximize the entropic contributions. Changes in the molar entropy may arise when a 
large molecule displaces many smaller solvent molecules. There are several separation 
mechanisms that exploit changes in entropy, including hydrodynamic and size-exclusion 
chromatography. 

In hydrodynamic chromatography, the separation is based solely on flow phenomena in 
open and packed columns [98]. Flow phenomena are discussed in detail in Sec. 1.3.2. In an 
open-tubular column, the velocity is zero at the wall because of frictional forces and 
reaches a maximum at the center of the tube. Small molecules can reside in all of the flow- 
streams and are eluted with an average velocity of 


2 R 
ty = ze I, u(r)r dr (1.103) 
where u(r) is the radial velocity profile given in Eqn. 1.23. In contrast, large molecules and 


particles can only reside in flow-streams that are more than one particle radius, r,, from the 
wall and have an average velocity of 


y} R-ry 
ur = gay I, u(r)r dr (1.104) 
From these equations, the equilibrium constant, Kyyp, is given by 

uy r, ry \? bes 
Kino = M1 =(142(2) (2) 1 (1.105) 


The equilibrium constant is always negative, indicating that all of the solutes are eluted 
before a small, nonretained solute. The solutes are eluted in the order of decreasing size; 
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large solutes are eluted first because they cannot travel in the slowest flow-streams near the 
wall and have the highest velocity. The largest solutes can travel no faster than 2 ay 
(Eqn. 1.23), so the minimum value of Kyyp is — 0.5. The maximum value is zero for a 
small, nonretained solute. Hence, the range of equilibrium constants is finite, leading to a 
limited dynamic range. As the column radius is increased, the solute size or molecular 
weight that can be separated increases as well [99]. However, as shown in Eqn. 1.105, 
hydrodynamic flow in open-tubular columns is relatively insensitive to changes in size or 
molecular weight. 

Hydrodynamic chromatography can also be performed in columns packed with 
nonporous particles. There is greater sensitivity to changes in size or molecular weight 
because two different flow phenomena are important in packed columns. For inter- 
channel flow phenomena, the smallest channels between particles have the slowest 
average velocity. Large molecules cannot enter into the smallest channels, so they have 
a higher velocity than small molecules that can enter all channels. For intra-channel 
flow phenomena, the velocity within each channel varies with the distance from the 
particle surface (as in open-tubular columns, discussed above). Large molecules cannot 
travel in the slowest flow-streams near the particle surface, so they have a higher 
velocity than small molecules that can travel in all flow-streams. Both of these flow 
phenomena accentuate the differential velocities based on size or molecular weight. 
Consequently, nonporous packed columns are more effective and have a greater 
dynamic range than open-tubular columns. However, there is not a clear theoretical 
relationship between the solute size or molecular weight and the retention time or 
volume. 

In size-exclusion chromatography [Chap. 5], the separation is based on flow and 
diffusion phenomena in columns packed with porous particles [100]. Flow phenomena 
are discussed in Sec. 1.3.2, whereas diffusion phenomena are discussed in Sec. 1.3.1. 
Size exclusion combines the flow-based separation of hydrodynamic chromatography, as 
discussed above, with diffusion into pores of controlled size. Molecules that are larger 
than the pore diameter cannot enter the pores and, hence, they are eluted first at the 
interstitial volume. Molecules of intermediate size can enter some fraction of the pores. 
The smallest molecules can enter all of the pores and, hence, they are eluted last at the 
void volume. The retention volume, Vag, is given by 


Ve = KereVe-# Vo (1.106) 


As discussed in Sec. 1.3.2, the interstitial volume, Vo, is equal to the interparticle 
porosity, €,, multiplied by the column volume; the pore volume, Vp, is equal to the 
intraparticle porosity, ¢;, multiplied by the column volume; and the void volume is equal 
to the total porosity (e, = ©, + &;) multiplied by the column volume. The equilibrium 
constant, Kszc, reflects the fraction of the pore volume that is accessible to the solute. 

There have been many theoretical models that enable the estimation of the equilibrium 
constant from the size and shape of the solute and pores [101]. The solutes have been 
modeled as hard spheres, rods, random coils, etc. The pores have been modeled as 
cylinders, spheres, squares, rectangles, parallel planes, random planes, etc. For example, if 
the solute is a hard sphere of radius r, and the pore is a cylinder of radius a, the equilibrium 
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constant is given by 


a 


r 2 
Ksec = (1 =z 2) (1.107) 


Thus, Kszc varies from unity for small molecules to zero for molecules that are equal to or 
larger than the pore size. The relationship between the hard-sphere radius, the radius of 
gyration, and the molecular weight of the solute can be determined experimentally from 
measurements of the intrinsic viscosity. Some representative results for polystyrene 
standards are summarized in Table 1.18 [102]. Accordingly, size-exclusion chromatog- 
raphy can provide a means of separation but it can also provide direct information about 
the molecular-weight distribution. In practice, this is usually achieved by using standards 
of known molecular weight to generate a calibration curve of retention volume vs. 
molecular weight. An example for polystyrene standards is shown in Fig. 1.23 [100]. The 
molecular-weight distribution of unknown samples is then evaluated on the basis of their 
retention-volume distribution. 

The equilibrium constant, Ksgc, is dependent upon the pore size, according to 
Eqn. 1.107. Accordingly, the range of molecular weights that can be separated is increased 
by means of the pore size, as shown in Fig. 1.23 for pore sizes from 125 to 1000 A. By 
connecting these columns in series, an extended range of molecular weights can be 
separated. However, an improved linear range can be obtained by combining the particles 


TABLE 1.18 


ESTIMATED HARD-SPHERE RADIUS AND RADIUS OF GYRATION 
FOR POLYSTYRENE STANDARDS [102] 


Molecular weight Radius of gyration (A) Hard-sphere radius (A) 


1.80 x 10° 660 585 
8.60 x 10° 428 379 
4.11 10° 277 246 
1.60 x 10° 159 141 
9.72 x 104 119 105 
5.10 x 10+ 81 72 
2.04 x 104 47 42 
1.03 x 104 32 28 
4.00 x 10° 18 16 
2.25 x 10° 13 12 


1.25 x 10° 9 9 
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Fig. 1.23. Calibration curves for polystyrene in size-exclusion chromatography. Column: d, = 
0.40 cm, L = 30 cm, p-Bondagel E with pore sizes of (@ ) 125 A, (0) 300 A, (™) 500 A, (a) 1000 A. 
Mobile phase: toluene. Adapted from Ref. 100. 


in the correct proportions within a single column. This column provides excellent 
molecular-weight discrimination over the range from 6.0X 10? to 2.1X 10°, as 
demonstrated by Yau et al. [100]. 

There are two common modes for size-exclusion chromatography. Gel filtration 
chromatography uses porous particles of hydrophilic polymer or silica for separations in 
aqueous solvents. Gel permeation chromatography uses porous particles of hydrophobic 
polymer for separations in organic solvents. The mode is chosen to minimize enthalpic 
interactions of the solute with the stationary phase, as discussed above, so that the 
entropic interactions can control the separation. Under these conditions, the separation 
is based wholly on size-exclusion phenomena. However, it is also possible to combine 
the size-exclusion mechanism with partition or adsorption in a beneficial way. The goal 
is to create a “critical condition” where the entropic contributions of size exclusion are 
exactly compensated by the enthalpic contributions of partition or adsorption. When 
this compensation occurs, all solutes with the same repeating structural feature will be 
eluted together at the void volume. Solutes with minor variations in structural features 
will have greater or lesser enthalpic interactions and can be readily separated. 
This approach is particularly useful for the characterization of mixtures of polymers 
and co-polymers [103]. 
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1.4.8 Implications 


Now that we have described the most common retention mechanisms, it is desirable to 
elucidate which of these mechanisms is most likely to be successful for a specific 
application. In order to do so, we must collect detailed information about the sample and 
the solutes. For the sample, it is necessary to know the identity of the solutes of interest, 
potential interferences, and the solvent or matrix in which they are dissolved. For the 
solutes, it is desirable to know the molecular structure, molecular weight, boiling point or 
vapor pressure, dissociation constants (K,), charge, and solubility in common solvents 
such as hexane, chloroform, acetone, methanol or acetonitrile, and water. It is also helpful 
to identify differences in the structure and properties of the solutes, such as differences in 
size, polarity, functional groups, geometric or positional isomers, optical isomers, etc. On 
the basis of this collected information, we can select the most promising retention 
mechanism. 

A scheme for selecting the retention mechanism is shown in Fig. 1.24. To begin, we 
will examine the information on solute volatility. Note that boiling points at various 
pressures or vapor pressures at various temperatures can be easily interconverted by 
using standard nomographs [104]. Gas chromatography is the best alternative for 
separation if the highest boiling point is less than 500°C or 1.5 times the maximum 
column temperature. If gas chromatography is not feasible, then liquid chromatography 
is a viable alternative if the lowest boiling point is greater than 100°C or the 
boiling point of the solvent. Supercritical-fluid chromatography should be considered 
if there is a wide range of boiling points that span the range between gas and liquid 
chromatography. 

If gas chromatography is selected, the most common and versatile mechanism is 
partition. The stationary phase polarity is usually used to control the selectivity, whereas 
the temperature is usually used to adjust the retention factor. If the solutes do not vary 
substantially in boiling point or polarity, then adsorption or size exclusion may be 
successful for the separation. 

If liquid chromatography is selected, we will next examine the information on 
molecular weight. If the lowest molecular weight is greater than 2000 and the difference 
between solutes is at least 15-20% of the average molecular weight, then size exclusion 
may be successful. If the solutes are soluble in organic solvents, such as hexane, toluene, 
or chloroform, then gel permeation chromatography is advisable. If the solutes are soluble 
in aqueous solvents, then gel filtration chromatography is advisable. In either case, the 
pore size is used to control the selectivity. 

If the molecular weight is less than 2000, then we will next examine the information on 
solubility to distinguish the proper mode of separation. If the solutes are soluble in organic 
solvents, then normal-phase separations are appropriate. Adsorption is most promising if 
the solutes vary substantially in the number and type of functional groups and their 
adsorption energy, Q;. The stationary-phase type (silica, alumina, carbon, etc.) is usually 
used to control the selectivity, whereas the mobile-phase strength (e°) or temperature is 
used to adjust the retention factor. Partition is most promising if the solutes vary in overall 
polarity, 5;. The stationary-phase type (aminopropylsilica, cyanopropylsilica, etc.) is 
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usually used to control the selectivity, whereas the mobile-phase strength, 5q, is used to 
adjust the retention factor. 

If the solutes are soluble in aqueous or mixtures of organic and aqueous solvents, 
then we will next examine whether the solute is ionizable. If the solutes are nonionic 
under all conditions, then reversed-phase separations by the partition mechanism are 
appropriate. The stationary-phase type (octadecylsilica, octylsilica, phenylsilica, etc.) 
and the mobile-phase type (methanol, acetonitrile, or tetrahydrofuran in water) are 
usually used to control the selectivity, whereas the mobile-phase strength (5)4) is used to 
adjust the retention factor. If the solutes are ionizable, then we examine the equilibrium 
constant for acid—base or other reaction. For solutes with pK, values between 2 and 9, 
pH control may be used to adjust the extent of ionization with the reversed-phase 
partition mechanism. For solutes with pK, values less than 2 or greater than 9, 
traditional silica-based packings cannot be used with pH control. Polymeric reversed- 
phase materials, such as polystyrene/divinylbenzene polymers, or zirconia-based 
packings can be used over a wider range of pH. Alternatively, an ion-pairing agent 
can be used to alter the charge state of the solute with the reversed-phase partition 
mechanism. In addition to the variables mentioned previously, the charge of the ion-pair 
agent is used to control selectivity and the chain-length and concentration of the ion-pair 
agent are used to adjust the retention factor. For strong acids, bases, and electrolytes, 
ion exchange is the preferred retention mechanism. The charge of the stationary phase is 
used to control selectivity, and the strength of the displacing agent in the mobile phase 
is used to adjust the retention factor. This scheme should not be considered definitive, 
but merely illustrative of the manner in which an appropriate separation mechanism 
may be chosen. 


1.5 OPTIMIZATION OF CHROMATOGRAPHIC SEPARATIONS 


Now that we have a detailed understanding of the principles of solute-zone separation 
and dispersion, we can apply this knowledge to optimization. Optimization refers to the 
process of identifying the experimental conditions required to achieve the most desirable 
separation in the most time- and cost-effective manner. Because of the many experimental 
parameters that directly and indirectly influence retention and dispersion, optimization is 
not a trivial process. It has been the subject of numerous theoretical and practical studies 
[105-109]. In order to determine the most appropriate experimental conditions, a 
systematic approach must be adopted in the optimization process. This process consists of 
three distinct steps: selection of the performance criterion, selection of the experimental 
parameters, and selection of the method to identify the optimal value or level of each 
parameter. These steps are discussed sequentially below. 


1.5.1 Performance criteria 


The first step involves the formulation of a criterion that is an objective and quantitative 
measure of the quality of the separation. Because this criterion is used to guide the 
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decision-making process, it must inherently define and rank the goals of the optimization. 
One of the most important goals in chromatography is to maximize the resolution between 
adjacent solutes, which may be calculated from Eqn. 1.1 or 1.6. Several performance 
criteria have been developed based on resolution alone. These range from simple 
functions, such as the limiting resolution of the least-resolved solute pair [110-112], 
to more complex functions, such as the sum or product of the resolutions for all 
adjacent solute pairs. The simple sum of resolutions is not very useful, because the 
smallest resolutions, which represent the greatest problem in optimization, contribute the 
least to the sum. However, the inverse sum of resolutions, JSR, does not suffer from this 
problem 


n-1 1 
ISR x Ra, (1.108) 
where R, ; is the resolution between solutes i andi + 1 and nis the total number of solutes. 
From this expression, it is evident that the smallest resolutions contribute most greatly 
to the inverse sum, which should be minimized in order to optimize the separation. 
The normalized product of resolutions, NPR, was introduced by Schoenmakers et al. 
[106,113,114] 


n—-1 R.; 
NPR = I] eat (1.109) 
i=1 “‘S 
where 
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R, = R,; 1.110 
rr (1.110) 


This function should be maximized in order to optimize the separation. Although the sum 
and product of resolutions are useful criteria to maximize the resolution, they may lead to 
excessively long analysis times. 

In addition to resolution, other goals have been incorporated in the performance 
criterion in either a simultaneous or sequential manner [105]. Among these more 
complex criteria are the chromatographic response function, CRF, proposed by 
Watson and Carr [115] and the chromatographic optimization function, COF, proposed 
by Glajch et al. [116], both of which optimize resolution and analysis time. For 
example, 


n-1 R.; 
COF = > W; i * 
i=l R 


S,opt 


+ Wop — tn) (1.111) 


where w; and w are user-defined weighting functions, R,,,, is the desired resolution, 
top 18 the desired maximum analysis time, and f¢, is the retention time of the last 
(n") component. This function approaches zero as the separation is optimized. 
However, the logarithmic term will approach negative infinity whenever any pair of 
adjacent solutes is completely overlapped (R, = 0), which leads to problems when 
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automated search methods (vide infra) are used to seek the optimum. Although terms 
have been added to compensate for this problem [117], this correction remains largely 
empirical in nature. 

Other performance criteria attempt to optimize resolution, analysis time, and the 
number of solutes and to incorporate more sophisticated goals [118-120]. For example, 
the chromatographic resolution statistic, CRS, of Schlabach and Excoffier [120] is 
given by 


n-1 2: nl 2 
(R, i Ry opt) 1 R; i ty 
CRS = = : — 1.112 
( (Rj ~ Rigi Ry i (n ~ DR? n ( ) 
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In this equation, the first term evaluates the resolution of each adjacent solute pair with 
respect to the desired optimum resolution, R,.,;, and the minimum acceptable 
resolution, Ry min. The second term evaluates the uniformity of spacing by comparing 
the individual resolution values to the average resolution, which is given by Eqn. 1.110. 
The last term, which serves as a multiplier to the other terms, evaluates the analysis 
time relative to the number of solutes. The CRS function reaches a minimum value as 
the optimum conditions are approached. Each of these performance criteria, as well as 
many others reported in the literature, have inherent advantages and limitations that 
should be considered in view of the specific application and its goals [105,106,117, 
121-124]. 


1.5.2 Parameter space 


Next, the experimental parameters that have the greatest influence on the performance 
criterion are identified. These parameters may have a limited number of discrete or finite 
values, or they may be continuously variable within a specified range. Among the 
chromatographic parameters that are discrete in nature are the type of mobile and 
stationary phases. In addition, physical dimensions such as the particle diameter, column 
diameter, and column length may be discrete if restricted to columns that are 
commercially available. Parameters that are continuously variable in nature include the 
composition of the mobile and stationary phases, as well as the temperature, pressure, and 
flow-rate. The proper selection of these parameters is crucial, since the success of any 
optimization strategy is dependent exclusively upon them. It is, therefore, assumed that all 
experimental factors not explicitly chosen as parameters will be held constant during the 
optimization. 

Depending upon the number and nature of the parameters, the relationship with the 
performance criterion can be represented by individual point(s), by line(s) in two- 
dimensional space, by plane(s) in three-dimensional space, or by higher-order surface(s) in 
N-dimensional space. For simplicity in the subsequent discussion, the relationship 
between the parameter(s) and the performance criterion will be referred to as the response 
surface, regardless of its continuity and dimensionality. 
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1.5.3 Optimization methods 


Once the performance criterion and the experimental parameters are chosen, a logical 
procedure must be used to locate the optimum value of the criterion on the response surface. 
Because the response surface may be highly complex, with many local minima and 
maxima, this procedure must be sufficiently robust and reliable to locate the primary or 
global optimum rather than secondary or local optima. The procedures that have been 
adopted to locate the optimum can be classified into four general categories: simultaneous, 
sequential, regression, and theoretical [108]. Each of these procedures combines a specific 
method or experimental design for data acquisition together with a method for data analysis. 


1.5.3.1 Simultaneous methods 


In the simultaneous methods, all of the parameters to be varied, as well as their levels, 
are chosen a priori. Experimental data are acquired at each level for each of the parameters 
chosen. The data are then analyzed, either by visual inspection or by a computer-assisted 
sorting routine, to determine which of these conditions yields the best value of the 
performance criterion. The simultaneous method is also referred to as a grid search or 
mapping method, since the parameter space can be likened to a grid or framework of 
experimental conditions, generally spaced in uniform increments. The number of 
experiments to be performed depends on the number of the parameters and their levels 
[106]; for n parameters at g levels, the number of experiments is q X n. In order to describe 
the response surface completely and accurately, each parameter must be examined over a 
wide range in small increments of the level. However, this may require a prohibitively 
large number of experiments. In order to reduce the number of experiments, constrained 
parameters may be chosen to reduce the degrees of freedom of the parameter space. 
A constrained parameter is one in which the sum of the levels is constrained to a constant 
value; for example, the sum of the volume fractions of the mobile-phase solvents is unity. 
Another approach to reduce the number of experiments is through experimental design, 
common examples of which are the factorial and star-design methods [125,126]. 

Because of the inherent nature of simultaneous methods, they are most suitable for 
parameters that are discrete and independent. An advantage of these methods is that they 
are derived directly from the experimental data, and do not require or rely upon a 
theoretical or mathematical model to locate the optimum. These methods can be used to 
elucidate the complete response surface, if the parameter levels are varied over a wide 
range in small increments. Thus, it is possible, in principle, to identify the global optimum 
in the presence of other local optima. The most significant disadvantage is that the number 
of experiments increases rapidly with the number of parameters and their levels. 


1.5.3.2 Sequential methods 


In the sequential methods, a few initial experiments are performed at selected levels of 
the parameter(s). These data are analyzed, either by visual inspection or by computer, and 
the results are used to direct and guide subsequent experiments. The success of this method 
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is highly dependent upon the type of performance criterion and the type of search routine 
used to locate the optimum. A variety of search routines have been developed [126,127], 
the most common of which is the simplex routine [128-133]. A simplex is a geometric 
figure that consists of N+ / vertices in N-dimensional space; for example, a two- 
dimensional simplex is a triangle. Thus, three initial experiments are required to optimize 
two parameters. To illustrate the search procedure, consider the response surface shown as 
a contour diagram in Fig. 1.24 [108]. The Vertices /, 2, and 3 define the initial simplex and 


PARAMETER 2 


PARAMETER 1 


Fig. 1.24. Sequential optimization for two parameters by the simplex approach. The initial simplex is 
comprised of Vertices /, 2, and 3. The vertex with the worst response is identified, then replaced by 
projection through the midpoint of the remaining vertices. The simplex eventually converges at the 
optimum, which is located in the vicinity of Vertex 6 in this example. Adapted from Ref. 108. 


represent the initial levels of the parameters at which an experiment is performed. The 
results of these experiments are then compared by means of the performance criterion; in 
this example, Vertex 2 has the worst response. Consequently, the simplex routine replaces 
this vertex with one obtained by reflection through the midpoint of the line connecting 
Vertices 7 and 3. The simplex is now described by Vertices /, 3, and 4. An experiment is 
performed at the new Vertex 4, and the performance criterion is compared to that obtained 
previously at Vertices 7 and 3. Vertex J now has the worst response, and reflection in the 
opposite direction leads to Vertex 5. The objective of this iterative procedure is to direct 
successive experiments toward more favorable regions of the response surface. This 
procedure is continued within the defined boundary conditions of the parameters until the 
optimum is obtained in the vicinity of Vertex 6. In the sequential simplex method, 
originally proposed by Spendley ef al. [128], the vertices are equally spaced to create a 
simplex that is an equilateral polyhedron. Such equilateral simplexes may not readily 
converge, in some cases circling around the optimum or becoming stranded on a surface 
ridge. These limitations have been largely overcome by the modified procedure of Nelder 
and Mead [129], which allows for expansion of the simplex in a favorable direction and 
contraction in an unfavorable direction during the search procedure. 
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The simplex and related sequential methods are most suitable for parameters that are 
continuous, since an experiment must be performed at each new vertex that is calculated. 
An important advantage is that these methods are able to optimize several parameters 
simultaneously with no prior knowledge about their interaction. Additionally, these 
methods do not rely on any theoretical or mathematical model to identify the optimum 
conditions. However, sequential procedures have some disadvantages, the foremost being 
that the number of experiments required to locate the optimum is indeterminate. 
Moreover, for response surfaces consisting of many local maxima and minima, a local 
optimum may be erroneously identified as the global optimum. This problem may be 
circumvented by repeating the optimization procedure with the initial simplex of various 
sizes and in various locations on the response surface. Additionally, because the 
performance criterion is only evaluated at selected points, a limited insight is provided 
about the response surface. Despite these potential drawbacks, sequential optimization 
procedures, such as the simplex method, are versatile with wide applicability in 
chromatography [130-134]. 


1.5.3.3 Regression methods 


Regression methods, also known as interpretive methods, rely on the use of a semi- 
empirical mathematical model to describe the performance criterion as a function of the 
experimental parameters. In these techniques, a chromatographic property, such as the 
retention factor, plate number, etc. that is related to the performance criterion is measured 
at certain levels of the parameters. The number of experiments depends on the 
mathematical model; a linear model requires a minimum of two experiments, a quadratic 
model requires three experiments, etc. However, it is generally desirable to acquire data at 
additional levels of the parameter in excess of the minimum requirements in order to allow 
for greater statistical confidence in the results of the regression. The resulting data are 
analyzed by the least-squares method in order to determine the best value for the 
coefficient(s) in the model equation. 

Once the regression coefficients have been determined, the equation may be used to 
calculate the chromatographic property and, hence, the performance criterion at any 
intermediate level of the parameter. Numerical or graphical methods may then be used 
to represent the response surface and to determine the optimal value of the parameter. 
A well-known method of representation for a single parameter is the window diagram 
approach, originally developed by Laub and Purnell [135-137]. As shown in Fig. 1.25 
[108], a performance criterion such as the resolution is graphed as a function of the 
parameter for each solute pair. The regions of the graph beneath the limiting resolution for 
the least-resolved solute pair are shaded to create “windows”. The optimum value of the 
parameter may then be identified from the highest point in the highest window, which 
represents the maximum value of the performance criterion. This approach may be 
extended to two parameters by using the overlapping resolution mapping (ORM) 
technique, described by Glajch and Kirkland [138]. In this case, the resolution of 
each solute pair is represented by a surface, rather than a line, and the regions of 
intersection must be determined in order to create the three-dimensional “windows”. 
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RESOLUTION 


PARAMETER 1 
Fig. 1.25. The regression method of optimization for one parameter by the window-diagram 
approach. The resolution or other performance criterion is calculated by regression for each solute 
pair. The shaded window regions represent the limiting resolution of the least-resolved solute pair. 
The optimum is located at the highest point in the highest window, which is ~ 0.8 for Parameter / in 
this example. Adapted from Ref. 108. 


A simpler graphical approach, illustrated in Fig. 1.26 [108], is to shade those regions with 
resolution greater than a selected threshold value (e.g., R,; = 1.5) for each solute pair and 
then overlap these maps to identify the optimum value of the two parameters. The 
extension of these graphical techniques to three or more parameters remains a challenging 
problem [139]. 


PARAMETER 2 


PARAMETER 1 


Fig. 1.26. The regression method of optimization for two parameters by the overlapping resolution 
mapping approach. The resolution or other performance criterion is calculated by regression for each 
solute pair. The regions with resolution greater than a threshold value (e.g., R,; = 1.5) are shaded. 
The optimum is located by overlapping the maps for all solute pairs, which is ~ 0.7 for Parameter / 
and ~ 0.6 for Parameter 2 in this example. Adapted from Ref. 108. 
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When compared with the simultaneous and sequential methods, the regression 
techniques require fewer experiments to describe the complete response surface. However, 
the successful application of this method is greatly reliant on the accuracy of the 
mathematical model. For this reason, regression methods are most appropriate for 
continuous parameters with a well-defined and verifiable relationship to the chromato- 
graphic property or performance criterion, such as mobile-phase composition, 
temperature, and pressure. 


1.5.3.4 Theoretical methods 


Theoretical methods, like regression methods, use a mathematical equation to describe 
the effect of the parameter on a chromatographic property, such as the retention factor, 
plate number, etc. The important distinction is that the equation is theoretically derived 
and requires no preliminary experimental data for implementation. This approach is most 
appropriate for discrete or continuous parameters that have a well-known and theoretically 
predictable effect, such as flow-rate, column diameter, and column length. The optimal 
value of the parameter may be determined by any of the numerical or graphical methods 
discussed previously. 


1.5.4 Univariate optimization 


Univariate optimization involves the optimization of a single parameter or of multiple 
parameters in a wholly independent manner. This is achieved by varying a given 
parameter to investigate its influence on the performance criterion, while all other 
parameters are held constant. When an optimum value for that parameter has been 
established, its value is held constant while the next parameter is varied to determine its 
own optimum value. This classical approach is relatively simple and is suitable for 
parameters that are independent. While it can be applied over restricted ranges for 
parameters that influence or interact with one another [140,141], the resulting error can 
become problematic. Univariate optimization can be accomplished by any of the 
simultaneous, sequential, regression, or theoretical methods described previously. In this 
section, the use of these methods for the univariate optimization of important 
chromatographic parameters will be reviewed. 


1.5.4.1 Temperature 


Temperature is, by far, the most common parameter used for optimization in gas 
chromatography. It is used less frequently in liquid chromatography. The practical 
temperature range for most common solvents is somewhat limited, being proscribed by the 
boiling point, freezing point, and viscosity. Nevertheless, temperature changes within this 
range have been reported to have a significant influence on solute retention and selectivity 
in liquid chromatography [142-144]. 

In both gas and liquid chromatography, temperature optimization is often performed by 
the simultaneous method. By comparing the performance criterion at several different 
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temperatures, the optimum temperature may be readily identified [145]. A more 
systematic approach has been adopted by using a regression method based on the 
classical thermodynamic relationship of van’t Hoff, which is given in Eqn. 1.82 
[146-148]. If the molar enthalpy and molar entropy are invariant with temperature, then 


A 
Ink = Ag+ = (1.113) 


By measuring the retention factor at two temperatures, the regression coefficients, A;, can 
be determined by linear regression. The resulting equation can be used to predict the 
retention factor and, hence, the performance criterion at any intermediate temperature. 
The optimum temperature may be identified by the window diagram approach [149] or by 
other graphical or numerical methods. 

In addition to isothermal optimization, temperature programming is also commonly 
employed in gas chromatography. The optimization is more complicated in this case, as 
the retention of the solute zone changes continuously during the temperature program. The 
net retention must be determined by applying a numerical method to calculate the 
retention, according to Eqn. 1.113, in small increments of time or length [150]. This 
approach can be used to optimize simple linear temperature programs as well as more 
complex programs with multiple stepwise or linear changes in temperature. For example, 
Suliman [151] used a factorial design to locate the optimum conditions for initial 
temperature, rate for the first linear ramp, and rate for the second linear ramp for the 
separation of 2,4-dinitrophenylhydrazone derivatives of eight carbonyl compounds. 
Snijders et al. [150,152] have developed a theoretical method, based on Kovats retention 
indices, to predict optimum conditions for both isothermal and temperature-programmed 
separations. This method has the advantage that it uses published values of the retention 
index and, in principle, requires no experimental measurements for implementation. 
Retention times can generally be predicted with average relative errors of +5.1% for 
isothermal and + 2.7% for linear temperature-programmed separations. 

Temperature programming has also been implemented in liquid chromatography. This 
is often accomplished by using microbore or capillary columns in order to minimize the 
effect of radial temperature gradients [153]. Many workers have demonstrated that, under 
well-controlled experimental conditions, temperature programming may be comparable or 
superior to solvent programming [154-156]. Although several applications of 
temperature programming in liquid chromatography have been reported, theoretical 
models that enable optimization of the separation are rare [156]. The optimization is 
particularly complicated, because temperature influences both solute retention and band- 
broadening during the separation, often in a manner that is not as accurately predictable as 
for gas chromatography. 


1.5.4.2 Stationary-phase composition 


In many cases, a single stationary phase is sufficient to achieve the desired 
chromatographic separation. Because it is a discrete parameter, the type of stationary 
phase is most often optimized by the simultaneous method in both gas and liquid 
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chromatography [105,106]. This approach is clearly illustrated in the work of Glajch ef al. 
[157], who examined octyl-, cyano-, and phenethyl-modified silica stationary phases for 
the separation of phenylthiohydantoin derivatives of twenty common amino acids by 
liquid chromatography. They applied the mixture-design statistical method to optimize the 
mobile-phase composition separately on each column. By comparison of the three 
overlapping resolution maps, the cyano-modified silica was identified as the optimal 
stationary phase. 

When a single stationary phase is not sufficient, mixed or multimodal stationary phases 
can be used to combine dissimilar but compatible retention mechanisms. These stationary 
phases may be combined in several ways: by incorporating or chemically bonding the 
stationary phases on the same particles or in the same column, or by incorporating the 
phases on different particles or in different columns that are connected in series [158]. For 
gas chromatography, many nonpolar and polar stationary phases have been combined in 
this manner [135,136]. In general, when the phases are mixed within the same column, the 
solute retention is accurately predictable from the equilibrium constant, K, and the 
fraction, , of the individual stationary phases 


K=> OK, (1.114) 
i=1 


Similarly, when the phases are combined in separate columns, the retention time is 
accurately predictable from the dimensions of the individual columns 


2 mde OrsLi(1 + kj 
gy aa ) (1.115) 


This latter approach, sometimes called tandem gas chromatography, can be readily 
optimized by the regression method. The solute retention factor is measured on the 
individual stationary phases, from which the retention time and, hence, the resolution 
can then be calculated for any column length by means of Eqn. 1.115. The window 
diagram approach is usually used to identify the optimum column length for each 
phase [159]. 

For liquid chromatography, there are greater constraints because the stationary 
phases must have compatible mobile phases. Mixed phases that have been successfully 
used include reversed-phase with size-exclusion material [160-163], cation- or anion- 
exchange with size-exclusion material [163], reversed-phase with cation- or anion- 
exchange material [164-168], and cation- with anion-exchange material [167-169]. 
Isaaq et al. [162] have investigated solute retention as a function of stationary- 
phase composition for columns containing B-cyclodextrin- and octadecyl-modified 
silica. They observed that retention on chemically or physically mixed supports may 
not be predictable as a linear function of the stationary-phase composition. 
This nonlinear additivity of solute retention may arise as a consequence of interactions 
between the two stationary phases. On the other hand, retention on serially coupled 
columns is generally additive and predictable, just as in gas chromatography, because 
the stationary phases are physically separated. Similar results were reported by 
Glajch et al. [157] for columns containing cyano- and phenethyl-modified silica. 
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These investigations suggest that the regression technique may be used to 
optimize stationary-phase composition for serially coupled columns in liquid 
chromatography. 


1.5.4.3 Mobile-phase composition 


The mobile-phase composition is, by far, the most common parameter used for 
optimization in liquid chromatography. As such, it has already been the subject of 
several excellent books [105-107] and comprehensive review papers [114,170-—172]. 
Mobile-phase optimization will generally include the type of solvent or other modifier, 
which influences the selectivity factor, as well as its concentration, which influences the 
retention factor. Because of the discrete nature of solvent or modifier type, optimization 
is most often performed by the simultaneous method. This approach has been utilized to 
select from among several organic solvents, buffers, ion-pair agents, etc. [171,173,174]. 
However, the simultaneous approach is time-consuming and ineffective for optimizing 
solvent or modifier concentration, which is most often performed by regression 
methods. 

For normal- and reversed-phase chromatography, regression models have been 
developed to describe solute retention as a function of mobile-phase composition. By 
extension of classical thermodynamics to binary solvent mixtures (Sec. 1.4.3, Eqns. 1.91 
and 1.93), the retention factor can be described as a quadratic function of the volume 
fraction, b, of each component 


Ink = Ay + Ajo + Aji] + Ards + Ans + Andi y (1.116) 


If the volume fraction is a constrained parameter (e.g., bd: = 1 — ¢,), this expression can 
be simplified as follows 


Ink = Ay +A, 6; + A110) (1.117) 


In order to reduce the number of experiments required for optimization, this quadratic 
model is frequently approximated by a linear equation [171] 


Ink = Ay + Ajo, (1.118) 


With this simplification, retention measurements at two solvent compositions are sufficient 
to describe the complete response surface. In general, the linear approximation is accurate 
over a more limited range of solvent compositions than the quadratic model. Caution must 
be exercised when extrapolating either the linear or quadratic model beyond the range of 
available experimental data. Significant deviations may arise as a consequence of non- 
ideal solute/solvent and solvent/solvent interactions, especially in polar solvents. 

By extension of classical thermodynamics to ternary solvent mixtures (Sec. 1.4.3, 
Eqns. 1.91 and 1.93), the retention factor can be described as a quadratic function of the 
volume fraction of each component 


Ink = Ay + Ayo, + Ay] + Ards + Ans + Az3 + A333 
+ Ajod by + Ay36163 + An3bod3 (1.119) 
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If the volume fraction is a constrained parameter (e.g., 63; = 1 — 6; — 62), this 
expression can be simplified as follows 


Ink = Ay + Aj, + Ay] + Andy + Anos + Aird, (1.120) 


Alternatively, the semi-empirical expression proposed by Weyland et al. [175] can be 
obtained by neglecting the second-order terms in Eqn. 1.119 and including a term for first- 
order ternary solvent interactions 


Ink = Ay ob, + Ars + A3b3 + Ajrbi hz + Ai3b163 + Ar3h2b3 + Aiazxbibob3 (1.121) 


This latter polynomial expression requires retention measurements at seven solvent 
compositions to describe the complete response surface. 

The equations cited above have been widely and successfully applied for the univariate 
optimization of mobile-phase composition in normal- and reversed-phase partition 
mechanisms, as well as in ion-exchange, ion-pair, and other chromatographic methods 
[105-—107,114,170—172]. Although there have been many noteworthy accomplishments, 
the most exemplary are those by Snyder, Dolan, et al. [171,176—180] for binary mobile 
phases and by Glajch, Kirkland, et al. [116,138] for ternary and quaternary mobile phases. 
In the latter work, a mixture-design statistical method is applied, which combines the 
simultaneous method with regression techniques to optimize both selectivity and strength 
of the mobile phase. The mobile phases are chosen such that they exhibit the greatest 
possible difference in chemical interactions, including proton-donor (methanol), proton- 
acceptor (tetrahydrofuran), and dipole (acetonitrile) interactions. A minimum of seven 
preliminary experiments are performed, and the performance criterion is evaluated by 
using the overlapping resolution mapping technique in order to locate the optimum ternary 
or quaternary mobile phase. 

In addition to isocratic optimization, gradient mobile phases have also been optimized 
by a variety of methods. These methods involve optimization of the solvent selectivity, as 
discussed above, the initial and final solvent concentration, as well as the shape and 
duration of the gradient. The sequential simplex approach has been used by Watson and 
Carr [115], whereas regression techniques have been favored by Jandera, Churacek, et al. 
[181-183] and by Snyder, Dolan, et al. [172,177—180,184]. Kirkland and Glajch [185] 
extended the mixture-design statistical method described above to gradient elution. 
Experimental data were acquired, using a series of seven gradients with iso-eluotropic 
mobile phases of aqueous methanol, tetrahydrofuran, and acetonitrile. From these results, 
the performance criterion was evaluated by using the overlapping resolution mapping 
technique. 


1.5.4.4 Other parameters 


In addition to the parameters discussed above, optimization techniques have also been 
developed for physical parameters, such as particle diameter, column diameter, column 
length, flow-rate, etc. Snyder, Dolan, et al. [171,172,176-—180] have applied regression 
methods for particle diameter, and theoretical methods for column dimensions and 
flow-rate. These methods are especially successful when combined with univariate 
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optimization of the mobile-phase composition in the DryLab I (isocratic) and DryLab G 
(gradient) programs from LC Resources, Inc. 


1.5.5 Multivariate optimization 


If the optimum of one parameter depends on and varies with the value of another, those 
parameters are mutually interacting. The optimization of interacting parameters is best 
achieved by concurrent variation, rather than independent variation as in univariate 
optimization. All of the optimization procedures described previously, individually or in 
combination, may be used to implement multivariate optimization. However, the most 
widely used and successful methods for univariate optimization, simultaneous and 
regression methods, can become cumbersome and ineffective, because the number of 
characterizing experiments increases rapidly with the number of parameters. In this 
section, the extension of these methods to multivariate optimization of important 
chromatographic parameters will be reviewed. 


1.5.5.1 Temperature and pressure 


Temperature and pressure are important and interacting variables of state in gas 
chromatography. These parameters have been optimized in a multivariate manner by 
Morris et al. [186], using a central-composite experimental design with multiple linear 
regression (15 experiments). This approach enabled the selection of the optimum values 
for inlet pressure, initial temperature, and temperature-programming rate for 17 substituted 
phenols. Li et al. [187] have applied a simplex approach to optimize inlet pressure, initial 
temperature and time, temperature-programming rate, and final temperature and time for 
the separation of polychlorinated biphenyls. 


1.5.5.2 Temperature and flow-rate 


Temperature and flow-rate are also interacting parameters in gas chromatography. In 
order to avoid the potential complications, many workers choose to maintain conditions of 
constant flow-rate for optimization. However, Guillaume ef al. [188] have developed an 
approach to optimizing the isothermal temperature and flow-rate concurrently by using a 
central-composite experimental design (9 experiments). The data were fitted by regression 
to a simple empirical equation, with an average relative error in retention time of +2.4%. 
This method was demonstrated for the separation of eight esters of p-hydroxybenzoic acid. 

The optimization of temperature and flow-rate, as an alternative to mobile-phase 
composition in liquid chromatography, has been accomplished by Scott and Lawrence 
[189], using the simultaneous method. Using methyl palmitate and dinonylphthalate as 
models from among 11 aliphatic and aromatic solutes, the resolution was examined as a 
function of linear velocity at six temperatures (26 experiments). The optimum conditions 
were selected from among those studied, and the results were compared under constant 
conditions (isothermal/isotachic) as well as with gradient programming in both 
temperature and flow-rate. 
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Jinno and Yamagami [190] used the regression method to optimize temperature and 
flow-rate concurrently under gradient-programming conditions in liquid chromatography. 
In preliminary studies, a linear equation was used to relate the retention factor of 
phenylthiohydantoin derivatives of five amino acids with a constant parameter that is 
characteristic of the physico-chemical properties, shape, and structure. This equation 
enabled the estimation of the retention factor for other amino acids in the absence of 
experimental data, with an average relative error of +2.5%. Since the retention factor is 
independent of flow-rate, this equation also allowed the prediction of retention time or 
volume under conditions of constant and gradient flow-rate. In order to consider the effects 
of both flow-rate and temperature programming simultaneously, a quadratic expression 
was included to relate the logarithm of the retention factor with temperature 


(1.122) 


This approach was validated by optimizing the separation of the phenylthiohydantoin 
derivatives of 20 amino acids. The results showed good agreement between the predicted 
and observed chromatograms, with an average relative error in predicted retention time of 
+ 1.7%. 


1.5.5.3 Temperature and stationary-phase composition 


Whenever mixed stationary phases are needed to achieve a separation in gas 
chromatography, it is usually necessary to optimize temperature as well. If the stationary 
phases are mixed within a single column, then the optimization entails the determination 
of the best stationary-phase composition and the best isothermal or gradient-temperature 
program. Such optimizations are usually performed by regression methods. Several 
columns are prepared with different stationary-phase compositions, and retention data are 
acquired at various temperatures. The data are fitted independently to Eqns. 1.113 and 
1.114, and the optimum conditions are determined by the window-diagram approach. 

If the stationary phases are contained in serially coupled columns, then the optimization 
entails the determination of the best column length and temperature. As an alternative to 
column length, pressure or flow-rate can be used to adjust the retention time in the 
individual columns. The temperature can be controlled in two ways: all columns can be 
maintained in a single oven with a common isothermal or gradient-temperature program, 
or each column can be maintained in a separate oven with its own, usually isothermal 
temperature. Bakeas and Siskos [191] have used the simplex method to optimize the 
separation of simple hydrocarbons on serially coupled columns in a single oven. The 
parameters that were optimized included the initial temperature and time, the temperature- 
programming rate, and the pressure at the midpoint of the two columns. Baycan-Keller 
and Oehme [192] optimized the separation of 18 toxaphene isomers on serially 
coupled columns by using the window-diagram approach, described above. Under 
isothermal conditions, the optimum separation was achieved with a 19-m column 
containing derivatized B-cyclodextrin in OV-1701, and a 6-m column containing 
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polymethylbiphenylsiloxane. An independent optimization of the temperature program 
allowed separation of the most important congeners without interference. 

The optimization of stationary phase and temperature in liquid chromatography has 
been accomplished by Mao and Carr [193,194]. In their approach, two serially coupled 
columns, containing stationary phases with widely differing selectivity for the solutes of 
interest, were used with a common mobile phase. The stationary phases that have been 
successfully combined include reversed-phase partition materials, such as polybutadiene- 
coated zirconia or octadecylsilica, with a reversed-phase adsorption material, carbon- 
coated zirconia. Each of the columns was maintained in a separate, isothermally controlled 
oven. The variation of temperature served to adjust the relative retention time on each 
column. Retention measurements on each column at a few selected temperatures is 
sufficient for the optimization. The temperature dependence of the retention factors is 
given by linear regression to Eqn. 1.113, and the net retention time is given by Eqn. 1.115. 
The window-diagram approach is used to determine the optimal temperature for each 
column. This approach has been applied to the separation of substituted benzenes, 
barbiturates, derivatized amino acids, and others. 


1.5.5.4 Temperature and mobile-phase composition 


The optimization of temperature and mobile-phase composition has been accomplished 
by using a combination of the simultaneous and regression methods [156,195-197]. 
Diasio and Wilburn [195] measured solute retention as a function of mobile-phase 
composition and analyzed the results by linear regression. The optimum mobile-phase 
composition was then used to measure solute retention at various temperatures, and the 
temperature that yielded the best quality criterion was identified as the optimum. 

In the fractional-factorial design of Yoo et al. [156], solute retention was measured as a 
function of mobile-phase composition at four different temperatures (20 experiments), and 
then analyzed by linear regression to Eqn. 1.118. By using the resolution of the least- 
resolved solute pair as the quality criterion, the optimum mobile-phase composition was 
identified by the window-diagram approach at each temperature. These results were then 
used to optimize the separation of 14 saturated and unsaturated fatty acids under 
temperature-programming conditions. The optimum separation conditions enabled 
baseline resolution (R,; > 1.5) of the least-resolved solute pair, with an average relative 
error in predicted retention time of +0.8%. A similar approach was demonstrated by 
Hancock et al. [196,197] for the optimization of gradients in both temperature and mobile- 
phase composition. 

Because these simple approaches do not account for interaction between the 
parameters, others have adopted the use of regression methods to describe retention as 
a combined function of temperature and mobile-phase composition. Melander and 
Horvath [148,198] have proposed the following analytical expression for reversed-phase 
liquid chromatography 


A iis 
Ink =Ag+ 7 + A28(1- +) (1.123) 
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where 7, is the compensation temperature, which was examined as a constant (625 K) and 
an adjustable coefficient. This expression was later extended by Melander et al. [199] in 
order to improve the accuracy and precision of regression results 


Ink =Ag+ Ft Anb(1 = 7) + Ae (1.124) 
Inherent in these equations is the assumption of linear relationships between the logarithm 
of the retention factor and mobile-phase composition, and between the logarithm of the 
retention factor and inverse temperature. As a consequence of these assumptions, the 
average relative error in the predicted retention factor was +7.8% and +6% for 
Eqns. 1.123 and 1.124, respectively, when 28 experimental measurements were used for 
each solute in the regression. 


1.5.5.5 Mobile-phase and stationary-phase compositions 


Mobile- and stationary-phase compositions have been optimized concurrently by 
Glajch et al. [157] for the separation of phenylthiohydantoin derivatives of 20 common 
amino acids. In an extension of the univariate study described previously, the solute 
retention factors were measured on three different columns, containing octyl-, cyano-, and 
phenethyl-modified silica stationary phases, using seven different ternary solvent 
compositions of methanol, acetonitrile, and tetrahydrofuran (21 experiments). By using 
the regression model, a response surface was generated as a function of mobile-phase 
composition for each solute on each column. In order to establish the optimum 
composition of the mobile and stationary phases, the solute retention on a mixed bed was 
assumed to be a linear combination of the retention on each individual stationary phase at 
the same mobile-phase composition. The quality criterion, either the limiting resolution of 
the least-resolved solute pair or the COF function (Eqn. 1.111), was then calculated for all 
possible combinations of stationary and mobile phases. From these results, the optimum 
stationary-phase composition was predicted to be 28% cyano/72% phenethyl, and the 
optimum mobile-phase composition was 9.2% methanol/10.6% acetonitrile/13% tetra- 
hydrofuran/67.2% water with phosphoric acid at pH 2.1. This prediction was validated by 
using a single column, containing a physically mixed bed as well as two serially coupled 
columns. A good separation of the amino acids was achieved that was similar, but not 
identical, in the two systems. Unfortunately, it was not possible to assess the predictive 
accuracy of these methods from the results presented by Glajch et al. [157]. 

A different approach, called parametric modulation, was developed by Lukulay and 
McGuffin [108,200] for the concurrent optimization of mobile and stationary phases. The 
fundamental strategy of this approach is that retention can be accurately predicted if the 
solute undergoes independent interactions with each of the mobile and stationary phases. 
Hence, the mobile phases are introduced as separate zones of variable length (similar to a 
step gradient) and the stationary phases are contained in separate columns of variable 
length. The overall retention time can then be predicted by summation of the retention 
time in each individual environment, similar to Eqn. 1.115. This approach was 
demonstrated by the separation of isomeric four- and five-ring polycyclic aromatic 
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hydrocarbons on octadecylsilica and B-cyclodextrin silica columns with aqueous 
methanol and acetonitrile stationary phases. Although there are 64 possible permutations 
of these mobile and stationary phases, only 8 experiments were necessary to fully optimize 
the separation by the parametric-modulation approach. Under the predicted optimum 
conditions, the average relative error in retention time was + 3.5%. 


1.5.6 Implications 


In this section, we have reviewed the various methods that have been used for 
univariate and multivariate optimization in gas and liquid chromatography. These 
methods allow the systematic optimization of temperature, mobile- and stationary-phase 
composition, flow-rate, etc. in order to obtain the desired resolution or other performance 
criterion. Many of these methods are already available to practicing chromatographers in 
commercially available software. More recently, artificial neural networks and related 
chemometric methods have been applied to chromatographic separations [109]. Although 
still in the early phases of development, these methods show much promise for the future. 


1.6 SUMMARY 


In this chapter, we have identified resolution as the most important factor underlying 
the practical and theoretical applications of chromatographic separations. The extent 
of resolution determines the purity of the solute zones, which influences the accuracy 
of qualitative and quantitative measurements for practical applications. In addition, it 
influences the accuracy of thermodynamic and kinetic measurements for theoretical 
applications. We have shown how resolution arises from three distinct contributions: plate 
number, retention factor, and selectivity factor. The plate number is related to the extent of 
solute-zone dispersion or broadening, which is discussed in Sec. 1.3. These contributions 
may be properly controlled by judicious adjustment of the linear velocity, column 
diameter, column length, particle size, etc. The retention factor and selectivity factor are 
related to the extent of solute-zone separation, which is discussed in Sec. 1.4. These 
contributions may be properly controlled by selection of a suitable retention mechanism 
and judicious adjustment of the stationary-phase type, mobile-phase type and 
composition, temperature, etc. With a detailed and thorough understanding of the 
fundamental principles underlying solute-zone dispersion and separation, it is possible to 
optimize chromatographic separations in a systematic manner, as discussed in Sec. 1.5. In 
this manner, successful separation becomes an efficient and methodical scientific process 
rather than a time-consuming trial-and-error process. 
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2.1 INTRODUCTION 


Column liquid chromatography, in which a sample is applied to a column, containing a 
stationary-phase material, and a liquid mobile phase is passed through the column so that 
the components are eluted, is the oldest form of chromatography and was first described by 
Tswett over 100 years ago [1,2]. Originally carried out with a slurry-packed column and a 
liquid phase moving under gravity, it has developed into a modern instrumental method 
with a high resolving power and a sensitivity capable of providing qualitative and 
quantitative results with excellent reproducibility. The original open-column method is 
now rarely used in analytical chemistry, except during some sample preparation methods, 
and almost all modern instruments use closed columns, a mechanical pumping system for 
the eluent, and an on-line instrumental system to detect and often to identify the eluted 
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analytes. Because of the higher performance of these systems compared to the older non- 
instrumental methods, these techniques have been known since the early 1980s as high- 
performance liquid chromatography (HPLC). HPLC is now the dominant analytical 
method worldwide, both in terms of the number of assays carried out and in the number of 
instruments employed. Its impact over the last 20 years, since it started to be widely 
adopted, has been dramatic, and there are very few application areas of analytical 
chemistry where it has not had a significant influence. This is mainly because essentially 
the same instrumentation is used for partition or adsorption separation methods, which are 
described in this chapter, as for ion (and ion-exchange) chromatography (Chap. 4) and 
size-exclusion separations (Chap. 5), albeit with different column packings and elution 
solvents. One instrumental system can therefore provide different separation techniques 
capable of handling a wide range of analytes and matrices. The method has also 
been scaled up to provide preparative separations for the synthetic or industrial chemist 
(Sec. 2.9). 

Related methods in which the separation occurs on a planar system and the analyte is 
usually detected in situ, primarily thin layer-chromatography (TLC), are discussed in 
Chap. 6. Capillary electrochromatography (CEC), in which analytes are driven through 
a packed column by an electric field to give a mixed liquid/liquid phase and 
electrophoretic separation is covered in Chap. 7. 

In HPLC, the stationary phase is usually bound to a static matrix, but true liquid—liquid 
chromatography is also known. However, its resolving power is usually much weaker and 
chromatographic runs are often longer than in HPLC. It is used primarily as a very mild 
preparative separation technique, in the form of counter-current chromatography [3-5] or 
droplet counter-current chromatography, typically for labile natural products [6]. 

The basic concepts and methods of HPLC have been extensively discussed in the 
scientific literature, and many major and numerous minor journals are largely devoted to 
this technique. Together with papers in general analytical chemistry journals, they provide 
an enormous database of the theory, practice, and potential applications of the method. 
Aspects of HPLC have also been covered in numerous research monographs on selected 
topics, review series and textbooks, including some recent typical general guides [7-16] 
and an electronic text [17]. Recommendations for the terminology of chromatography 
[18,19] and liquid-phase separations [20-22], including chiral chromatography [23], and 
supercritical-fluid chromatography [24] have been published by IUPAC. The historical 
development of HPLC has been covered in a number of articles and texts [25,26]. 
The wide range of applications of HPLC (covered in Part B of this book) derives from its 
versatility, as usually the only requirement for this method of analysis is that the analyte 
must be soluble in the mobile phase. HPLC can also handle a wide range of sample sizes, 
from preparative to trace levels, although this can vary with the detectability of the analyte 
(Sec. 2.4). 


2.1.1 Modes of liquid chromatography 
Chromatography is defined as “...a physical method of separation in which the 
components to be separated are distributed between two phases, one of which is 
stationary (the stationary phase), while the other (the mobile phase) moves in a definite 
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direction” [18]. The dominance of liquid chromatography is due to its great versatility, as 
it encompasses a variety of separation modes, the principal modes being adsorption, 
partition, ion exchange and size exclusion. In adsorption chromatography, the analytes 
interact with a solid stationary surface and are displaced by competition with the eluent for 
active sites on the surface. The separation in partition chromatography results from a 
thermodynamic distribution between two liquid (or liquid-like) phases, whereas ion- 
exchange chromatography is primarily governed by ionic interactions between ionized 
analytes and an oppositely charged stationary-phase surface. In size exclusion 
chromatography the resistive force for separation is the physical size of the analytes, 
which determines their accessibility to differently sized pores in the stationary-phase 
material. Because it was the original chromatographic method, separations based on 
adsorption methods are usually referred to as normal-phase separations. In this mode the 
stationary phase is polar, usually silica or alumina, and the analytes are retained on the 
column according to their polarity by a polar/polar interaction. Thus, weakly polar 
analytes (see Table 2.1), such as alkanes and aromatic hydrocarbons, are readily eluted, 
whereas alcohols and amines can be highly retained. The strength of the eluent is 
determined by its interaction with the stationary phase and, hence, ability to compete with 
the analyte for the stationary phase. Thus, hexane is a weak eluent, dichloromethane and 
ethyl acetate are moderate eluents and methanol is a strong eluent. 

In contrast, in reversed-phase (RP) chromatography, these parameters are effectively 
reversed. Normally, a non-polar stationary phase is employed, consisting of a bonded 
hydrocarbon layer on a solid support, with a polar mobile phase usually consisting of water 
and either methanol, acetonitrile, or tetrahydrofuran (THF). The analyte is partitioned 
between the mobile and stationary phases so that low-polarity analytes are more readily 
retained, because they dissolve in the hydrocarbon layer and are less soluble in the mobile 
phase, whereas polar analytes favor the mobile phase and are more rapidly eluted. Water 
is, thus, a weak eluent, because most analytes are water-insoluble and are partitioned into 
the stationary phase, while organic solvents are strong eluents. In addition, the size of the 
analyte is important, because larger analytes suffer a hydrophobic effect. They are less 
soluble in the mobile phase, as they have to create a larger cavity in the hydrogen-bonded 
matrix of the solution. Thus, homologs can be readily separated in RP systems, and this is 
often not possible in normal-phase separations, because in the latter a polar functional 
group can dominate the separation. 


2.2 EQUIPMENT FOR LIQUID-PHASE SEPARATIONS 


The operation of a liquid-chromatographic separation has not changed in principle 
since the technique was first developed. Originally, an open-topped column was packed 
with relatively large particles, usually of silica, and the sample was applied directly. For 
elution an organic solvent was used, which was flowing under gravity. The eluent from the 
column was collected in fractions, which were then assayed off-line, by spectroscopy or 
TLC. The first widely available instrumental developments came with the introduction of 
specialized ion-exchange separation systems for amino acid analyses, based on the work 
of Moore and Stein in the 1960s [27]. These employed a pumping system for the eluent, 
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TABLE 2.1 


POLARITY AND pKa’s OF TYPICAL FUNCTIONAL GROUPS 


Polarity Functional groups Approximate pKa 
Low polarity R-H 
R-O-R 
R-Halogen 
Medium polarity . 4 
R 
O 
r—< 
O-R 
High polarity Z i 
N—-R 
H 
Bout 14.2 
Tonizable acidic groups R800 < 0.07 
R—CO>H 4.75 
€ \-con 4.19 
( \-on 9.89 
Ionizable 
basic groups” € Sow 4.63 
R-NH, 10.77 


“ pKa of protonated bases. 
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a small closed column, gradient elution, post-column addition of a reagent, and on-line 
spectrophotometric detection of the analytes as derivatives. By the late 1960s a number of 
manufacturers were offering instrumental chromatographs [28], but these were often based 
on normal-phase separations with a stationary phase of silica, having a controlled particle 
size of 100—125 wm, packed in a long, thin steel tube, up to 12 ft long and of 0.093-in ID. 
A pump was needed to propel the solvent through the column against a moderate back- 
pressure, and an on-line spectrometer at 254 nm (based on a mercury lamp) with a flow- 
cell was generally used as a detector. The introduction of bonded phases with the 
correspondingly more viscous aqueous/organic eluents for reversed-phase separations and 
the use of smaller particles, first 10 wm and then 5 wm, packed in short columns, 250 to 
100 mm in length, caused practical problems, as the back-pressures from the columns rose 
markedly. Although partly compensated for by the shorter column lengths, this required a 
change in injection methods and a considerable improvement in the technical quality of 
the pumps. Instruments have become simpler, as the earlier systems [29] often had 
complex degassing and equilibration systems, later found to be unnecessary. 


2.2.1 Pumps, injectors, columns, and ovens 


The basic HPLC system consists of a pumping system for the solvent, an injection 
device to introduce the analyte into the solvent flow, the column, and a detector. 


2.2.1.1 Solvents and solvent delivery systems 


Whereas in the early days of HPLC the purification of solvents was a major 
consideration, nowadays reasonably priced solvents with a consistent state of purity, 
specially prepared for LC, are readily available commercially [30]. The air, dissolved in 
liquids exposed to the atmosphere, can cause problems. As its solubility in reversed-phase 
eluents can vary with the composition, out-gassing can occur when mobile-phase 
components are mixed, causing bubble formation. The bubbles can interfere with check 
valve operation or cause spiking signals in spectrophotometric detectors. Many methods 
have been reported for degassing solvents but two have become routine, either sparging 
with helium gas, which has a very low solubility but flushes other gases from the eluent, or 
by using an on-line degasser system in which any dissolved gas diffuses through a 
membrane across a pressure drop. Together with improvements in pump design, degassing 
is now much less of an issue. 

The basic design of the pumps used in HPLC has changed little over the years, although 
gradual improvements have made them easier to use and more reliable. The operational 
requirements are, typically, the ability to deliver a flow from 0.05 to 10 mL/min against a 
back-pressure of up to 400 bar. Typically, flows are 1—2 mL/min with a back-pressure of 
150-300 bar. However, most routine analytical pumps can become less reliable below 
0.1 mL/min, and specialized pumps are required for the low flow-rates used with narrow- 
bore columns. Large pump heads or dedicated pumps are needed for the high flows 
required in preparative systems. 
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Originally, all separations were carried out isocratically, meaning that the eluent 
composition and elution strength remained constant throughout the analysis. However, 
most pumps are now designed for gradient operation, in which the composition of the 
mobile phase is changed systematically during the separation. Although not practical in 
normal-phase separation because of the long equilibration time of the stationary phase 
surface, gradient elution is widely employed in reversed-phase chromatography. 
Increasing the proportion of the organic modifier (the stronger component of the eluent) 
during the separation can speed up the elution of more strongly retained analytes, thus 
enabling a wider range of analytes to be resolved during a single analysis. Gradient elution 
can be achieved by either high-pressure mixing (using two pumps running at variable 
speeds under computer control) or low-pressure mixing (using a pre-pump mixer and a 
single pump, with the proportion of the eluent taken from different reservoirs being altered 
by a computer). The latter method seems to be gaining preference as it requires only a 
single pump, running a constant speed, and causes fewer degassing problems. Normally, 
only two eluents are mixed, which can be either neat solvents, such as water and methanol, 
or, preferably, partially pre-mixed eluents, such as methanol/water in 20:80 and 80:20 
ratios, corresponding to the start and end compositions of the gradient run. Although a 
number of pump designs have been used over the years, most modern pumps are based on 
a reciprocating piston design, in which the solvent is drawn into a chamber and then 
pumped out against a check valve (Fig. 2.1). Usually, either two pumps heads are used out 


Outlet 


Check 


ae ou 


of phase so that one is always delivering, or very frequently, a master/slave system is used, 
in which a second pump head, after the main pump head, takes up the flow, as the first 
pump refills the chamber (Fig. 2.2). One advantage of this latter system is that only one set 
of check valves is needed, as the second pump head is operating within the high-pressure 
part of the instrument. 


Piston 


Fig. 2.1. Reciprocating pump. 


2.2.1.2 Sample injector systems 


Because of the small particle size of the stationary phase in the column, there is 
usually a significant back-pressure at the head of the column, from 100 to 400 bar, 
with normal flow-rates. Therefore, sample injection cannot be carried out directly by 
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Fig. 2.2. Typical HPLC pumping system with mobile-phase vacuum degasser, solvent proportioning 
valves for gradient elution, and master/slave pumping system. (reproduced through the courtesy of 
Agilent.) 


a syringe; a switching-valve system is needed. In most cases, a rotary valve is used in 
which the sample is loaded into a loop at atmospheric pressure and the loop is then 
switched into the high-pressure eluent flow, which carries the sample to the column. Two 
designs are used, a fixed-volume loop, which is filled with the sample (a 6-port valve) and, 
more commonly, a variable-volume valve, in which a sample volume defined by a syringe 
is injected into a much larger loop (a 7-port valve) (Fig. 12.1). 

Nowadays the majority of HPLC systems include an autosampler. There are a number 
of different designs, but in most the sample is collected from the sample vial with a fixed 
needle/probe and injected into the loop of a rotary valve, which is then switched under 
computer control. The autosampler takes much of the operator variability out of the 
operation of the instrument, increases precision, and enables virtually 24-h operation of 
the equipment. Because the sample solution does not flow into the narrow-ID loop as a 
plug, the injected volume for partially filled loops should be no more than 50% of the total 
loop volume [31], whereas for filled-loop injection the loop must be flushed with 5-10 
times the nominal value for accurate results. 
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It is important that the path of the sample through the instrument from injector to 
detector contains no dead-volumes, where the eluent flow could eddy, as they will cause 
band-broadening and loss of separation efficiency. This means that all the connecting 
tubing must have a relatively narrow bore [typically, 0.005 in. (0.127 mm) ID] and that the 
tubing must fit snugly into the injector, the ends of the column, and detector without gaps 
or spaces. Frequently, 1/16-in. stainless-steel tubing is used in the high-pressure parts of 
the instrument, and the ferrules, once fitted, cannot be removed. One problem is that the 
depths of the connections in columns and fittings from different equipment manufactures 
are not consistent. However, some of the problems can be overcome by using adjustable 
polyether ether ketone (PEEK) nuts and ferrules and PEEK tubing, although care must be 
taken, as this material is attacked by some solvents, particularly THF. 


2.2.1.3 Columns and ovens 


Although longer columns generate higher efficiencies (Chap. 1), the retention times are 
also longer. The selection of column dimensions is thus a balance between resolution and 
throughput. With 5-jm particles, columns longer than 30 cm generate an unacceptably 
high back-pressure at normal flow-rates, and smaller particles impose an even lower length 
limit. Typically, most HPLC columns are 250 mm (the “standard” length), 150 mm or 
100 mm long, although 50-mm and 30-mm columns are used when very fast separations 
are required or when the detector can provide additional resolving power, as in LC/MS/MS 
(Chap. 10). The ID of most columns was originally 4.6 mm (based on the use of 1/4-in. OD 
stainless-steel pipe fittings and tubing), which, with flow-rates of | mL/min should give 
good efficiencies. More recently, dedicated HPLC columns have been designed with 4- or 
5-mm-ID columns, as manufacturers try to improve the whole column package. Narrow 
columns can also be used with correspondingly lower eluent flow rates: 2-mm-ID columns 
are often termed “narrow-bore” and 1l-mm and 0.5-mm are usually regarded as 
“microbore”. Even narrower capillary columns are used in research or for special 
methods, such as capillary electrochromatography (Chap. 7), as the limited sample 
capacity makes analyte detection difficult [32]. Frits or meshes (typically 2 wm) in the 
column end-fittings hold the stationary phase in the columns. In recent years, there has 
been a trend away from stainless-steel fittings to PEEK or polymeric meshes, which can be 
more inert. The composition and nature of the stationary-phase material will be considered 
in Sec. 2.3. A second, very short (3- to 5-mm) column, packed with the same stationary 
phase as the main column, is often placed before (or in the inlet fitting) of the analytical 
column to act as a disposable guard column, intended to protect the main column from 
debris and other insoluble material. 

One aspect of the operation of an HPLC that has often been ignored is the effect of 
temperature on retention times and selectivity. This is now recognized as an important 
factor in reproducibility [33], even though it had been known for many years that retention 
times vary as 1/T [34]. Consequently, columns (and the incoming eluent) should be 
thermostated to a constant temperature, typically above ambient conditions. Some control 
is provided by room temperature control but this can be unreliable and may be altered 
automatically at times when a laboratory is not in use. In recent years there has also been 
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an interest in exploring temperature-induced effects in more detail and in examining 
separation at elevated temperatures (Sec. 2.7). 


2.3 STATIONARY-PHASE MATERIALS 


Columns can be divided according to the stationary phase or support materials and by 
the nature of the bonded phase. Most are based on silica, which shows good 
chromatographic and mechanical properties, but alternative phases are also available, 
including alumina, zirconia, and organic polymers. The background of the column 
materials and bonded phases is reported in books by Neue [35] and Scott [36]. 


2.3.1 Silica-based stationary phases 


The properties of silica have been extensively reviewed [37-41]. One of the major 
limitations of silica as a stationary-phase material is that above pH 8—9 it dissolves, and 
below pH 3 any bonded groups can be hydrolyzed from the surface. Degradation is 
increased at higher temperature, and for normal use most silica-based phases are unstable 
above 60-70 °C. Newer materials (see later) can often extend these limits to high pH 
values and higher temperatures. Usually, columns are packed with 5-jm particles, but 
3-jum particles are becoming more popular, even though they generate a higher back- 
pressure. Usually, there is a spread of size distribution around the nominal size. Although 
very accurately sized, mono-disperse silica particles have been produced [42], they 
seemed to offer little advantage in column efficiency. Porous silica is available with a 
range of pore diameters. Generally, analytical columns have pores measuring 80-120 A 
and columns for natural and synthetic polymers ca. 300 A. The surface areas are typically 
400-500 m*/g. 


2.3.1.1 Silica-based stationary phases for normal-phase chromatography 


Over the years the use of normal-phase chromatography, and with it the use of bare 
silica as a stationary phase, has declined compared to reversed-phase separations because 
of the much greater applicability and greater robustness of the latter. One of the main 
problems is that the high surface activity and acidity of a silica stationary phase makes it 
susceptible to traces of moisture, which deactivate the surface, or cause irreversible 
interactions with strongly basic analytes. The surface of silica can be partially protected by 
bonding cyanopropy! [43,44], aminopropyl, or hydroxyl] (glyceryl) silanes to the surface 
[45] (Table 2.2). These provide a polar stationary phase while protecting the ionizable and 
water-susceptible silanol groups. The most widely used phases are probably cyano- 
bonded, but different formulation methods have resulted in nominally similar phases with 
different properties [46]. Polar-bonded materials have the added advantage of having 
faster equilibration times than silica on changing the mobile phase. Although not very 
popular as normal-phase columns, many are also used as reversed-phase stationary phases. 
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TABLE 2.2 


TYPICAL SUBSTITUENT GROUPS IN POLAR BONDED STATIONARY PHASES 
(R USUALLY METHYL) 


Bonded phase Substituent groups 

Cyano O-Si(R2)—(CH2)3—CN 

Amino O-Si(R2)—(CH>2)3—NH> 

Hydroxyl O-Si(R2)—(CH2)3-O-—CH»—CH(OH)CH,0H 
Nitro O Si(R2) (CH))3 Co6H4 NO, 
Polyethylene glycol HO-(CH,—CH,-O),—H 


2.3.1.2 Silica-based stationary phases for reversed-phase chromatography 


It was the introduction of alkyl-bonded phase materials and their ability to give 
reproducible results with polar analytes that lead to the rapid rise of HPLC in the early 
1980s. The initial materials were based on irregularly shaped silica particles, which had 
been bonded with a range of alkyl-bonded silanes having side-chain lengths from 1-30 
carbon atoms. The octadecylsilyl (CjgH37—, ODS) alkyl chain, rapidly became the most 
popular. Although some of these early materials with shorter chain-length are still marketed, 
because they have become enshrined in established methods, they had many disadvantages. 
Chromatographically, they were often of limited efficiency and poor stability and could not 
be manufactured reproducibly. Similar alkyl-bonding reactions with spherical particles of 
silica were more successful. Two main silanization reactions were used with either 
monochlorodimethyl alkylsilanes or trichloroalkylsilanes (Fig. 2.3). However, these 
reagents do not react with all the silanol groups on the silica surface because of steric 
hindrance, and the unreacted acidic silanol groups can still ionize and cause poor peak 
shapes for basic analytes. The next development was the use of end-capping, where a 
smaller reagent (Me3SiCl, trimethylsilyl chloride) is used to cap these groups. However, 
some acidic groups always remained and still caused problems. Although the pKa of the 
silanol groups on silica is about 8.0, many of these bonded materials appear to contain a few 
strongly acidic sites, associated with the presence of trace metal ions and causing particular 
interaction problems. This problem is greatly reduced with Type B silica. The 
manufacturers now offer a range of substituents (Table 2.3) Effectively, these primarily 
alter the depth of the stationary-phase layer and, hence, the overall retentive capacity of the 
column. The degree of bonding varies between brands of columns. This is reflected in 
the carbon loading (% of the column by mass that is carbon), which is a rough guide to the 
proportion of stationary phase and, hence, the overall retentivity of a column. Currently, 
most bonded phases on the market are C;g and, occasionally, Cg phases. 

The change from Type A silica, which is derived from inorganic silicates, to Type B 
silica, which is formed by the hydrolysis of highly purified organic silanes, has largely 
eliminated many of the problems due to metal-ion interactions. However, the same 
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Fig. 2.3. Silanization reactions for introducing alkyl groups into the silica surface. (a) Reaction of 
monomeric reagents and end-capping with trimethylsilyl chloride. (b) Reaction of a polymeric reagent. 
In the second stage unreacted Si—Cl groups are hydrolyzed and additional reaction takes place. 


description of ODS-bonded silica can now be applied to a wide range of materials, 
capped and uncapped, from two different silica types and from different bonding 
reactions. These differences can cause a variation in the carbon loading on the column. 
As a result, although nominally equivalent “ODS-silica” columns can be obtained, the 
replacement of one brand of column by another can often lead to major differences in 
the retention and selectivities of the separation. A further problem has been found with 
phases which have a low surface activity. If the mobile phase contains a high proportion 
of water (>95%), the eluent can be excluded from this very hydrophobic environment 
with the result that the bonded alkyl chains effectively collapse [47]. This creates a non- 
polar, impenetrable alkyl surface rather than a “liquid-like” phase, resulting in dramatic 
changes in retention. 

Although end-capping reduces the surface activity, short alkyl chains are more 
susceptible to hydrolysis than longer chains, and there has been considerable interest 
in recent years in developing improved or alternative more stable bonding methods. 
For example, phases have been developed in which there is a multidentate bonding 
between the alkyl-chain and the silica surface [48]. These factors have also led to the 
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TABLE 2.3 


TYPICAL SUBSTITUENT GROUPS ON NON-POLAR STATIONARY PHASES (R= 
USUALLY METHYL) 


Bonded phase Substituent groups 
Octadecylsilyl (Cig) (ODS) —O-Si(CH3)2—(CH2)17CH3 
—O-Si(C4Ho)2—(CH2)17CHs (sterically hindered) 
Octylsilyl (Cg) (and corresponding —O-Si(CH3)2—(CH2)7CH3 
side chains for butyl and hexyl) 

Phenyl O-Si(R2)—(CH3)2—CeHs or 
O-Si(R2)—(CH2)2-O—CoHs 

Amide phases —O-Si(CH3)2—(CH2)3—-NHCO-—C,5H3, or 
O-(CH2)3—O—CO-—NH-CsH 7 

Alkyl and aryl fluorinated phases —O-Si(R2)—C6F 13 


O-Si(R2)—C(CF3)2—-C3F7 
—O-Si(Rz)—CoF5 


insertion of polar linking groups into the bonded chain near the silica surface. These 
protect the silanol groups and bonding sites from attack and, by creating a polar region, 
prevent the exclusion of aqueous mobile phases [49,50]. Some of the early linkages were 
generated with amines (but these tended to react with acidic groups) and even some with 
acidic functions but more recently amides (Table 2.3) appear to be favored, although not 
all the production methods have been revealed, as some of them are proprietary. 

One further advantage of these newer materials is an improved stability to pH and 
temperature, columns being stable up to pH 11.5, and temperature stability up to 100 °C 
being claimed. Column technology is continually improving and changing, and there is 
currently a trend toward columns with bonded fluorinated alkyl or phenyl groups, claimed 
to offer a different selectivity (Table 2.3) [51,52]. The cyano- and amino-bonded columns 
(Table 2.2) used for normal-phase separations can also be employed in reversed-phase 
chromatography. The cyano-bonded columns have found application to a number of basic- 
drug assays [53]. They tend to behave primarily like short alkyl chains. The amino-bonded 
phases are used primarily for the separation of carbohydrates (Chap. 18). Recently, 
additional polar columns, based on a polyethylene glycol coating have been marketed 
(Chap. 12). 


2.3.1.3 Hybrid-silica stationary phases 


In an effort to overcome the stability and ionization limitations of silica, hybrid 
materials have been marketed [54], which are based on a polymerized methylsilicone, 
where the methyl] groups are not just at the surface but are incorporated within the solid 
matrix. These materials are available as C;g, Cg, and phenyl-bonded phases (Fig. 2.4) and 
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Fig. 2.4. Structure of XTerra column materials, showing hybrid structure with embedded methyl groups and resistance to partial dissolution 
of the surface (right) compared to conventional silica (left). (Reproduced through the courtesy of Waters.) 
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have enhanced thermal and pH stability (up to pH 12) with good efficiency and a 
selectivity similar to conventional C;g-bonded materials [55]. Further variations are being 
developed, using different starting materials. 


2.3.1.4 Other silica stationary phases 


Although unbonded silica columns are normally regarded as normal-phase materials, a 
number of investigators have reported their use in drug analysis under extreme pH 
conditions with non-aqueous eluents. For example, basic drugs can be separated on 
unbonded silica, using 90:10 methanol/buffer (pH 10.5) [56,57]. Even at this high pH, the 
column is stable for many months, primarily because silica is insoluble in the largely 
organic mobile phase. The mechanism of separation is not fully understood, but the 
material appears to behave as a form of ion exchanger [58]. Alternatively, silica columns 
can be used with eluents containing a strong acid, such as perchloric acid, in an eluent of 
high methanol content, also for drug screening [59]. 


2.3.1.5 Monolithic silica columns 


An important recent advance has been the development and commercialization of 
monolithic columns, made from a porous silica rod, rather than individual particles 
[60-63]. The column is not filled with individual particles, but with a single lattice of C,,- 
bonded silica and the mobile phase flows through the pores. One advantage is that no end 
frits are required. The effect is a stable system with an excellent mass transfer (a small van 
Deemter C term) (Chap. 1). A low back-pressure enables separations to be carried out at 
high flow rates without pressure limitations. Monolithic polymeric materials have also 
been reported [64] (Chap. 12). 


2.3.2 Stationary phases based on zirconia, titania, and alumina 


Because of the problems often encountered with silica due to its acidic surface and 
limited pH range, other inorganic support materials have been proposed for normal- and 
reversed-phase chromatography. However, if the surface is less active, it is more difficult 
to form an alkyl-bonded stationary phase. Instead, polymeric films have been used to coat 
the surface. Earlier, alumina was often employed as a column material for open-column 
separations, because it is amphoteric and less reactive than silica, but it is rarely used in 
HPLC, even though it is better than silica for amines [65-67]. Use as the basis of a 
reversed-phase material has been attempted, but because it is difficult to form alkyl bonds 
[68], it may be coated with polybutadiene [69]. Titania has also been tested as a normal- 
phase material [70]. Use of Cjg-coated titania has been reported [71] and attracted 
particular interest as a high-temperature material (up to 200°C) [72], but few titania 
columns are available commercially. 

Most interest has been in zirconia, as both an uncoated and alkyl-coated phase [73]. 
As a sorbent, zirconia has a surface with strong Lewis acid properties. Even with 
bonded phases, additives such as ammonium fluoride may be needed to reduce surface 
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interactions. Although originally proposed some years ago [70], it has only come into 
prominence fairly recently with the work of Carr and co-workers [74]. They generated 
polybutadiene (PBD) phases [75,76], porous graphitic carbon-coated phases [77], and a 
PBD-coated phenyl phase. Subsequently, a Cjg-bonded PBD-coated phase has become 
available. A particular area of application has been for high temperatures (up to 
200 °C), as these lead to faster and better separations [78,79]. They have been used 
for the separation of steroids and pharmaceuticals with superheated water as the sole 
eluent [80]. In other studies, a combination of different columns at different 
temperatures have been employed to increase selectivity through the tuned-tandem 
column effect [81]. 


2.3.3 Polymeric stationary phases 


Because silica materials are unstable outside a relatively limited pH range, there has 
been considerable interest in polymeric phases, principally based on polystyrene- 
divinylbenzene (PS-DVB). The macroporous structures of polymers provide a large 
surface area [82,83], unlimited pH stability from 1-14 [84,85], and high temperature 
stability up to 200 °C. Being totally organic stationary phases, they tend to have a much 
high retention capacity than C)g-bonded phases, but their main limitation is that column 
efficiency is dependent on the organic components of the mobile phase. Methanol/water 
gives poor separations; the preferred eluent is THF/water or, to a lesser extent, acetonitrile/ 
water [86]. A wide range of buffers can be employed, so that even quite basic or acidic 
analytes can be analyzed in their neutral form. A variant on the PS-DVB material is 
polymeric material with bonded alkyl groups, which has similar pH stability, but is 
claimed to have a selectivity more like C;g-silica materials [87]. Polymeric beads also 
form the basis of many ion-exchange materials [88] (Chap. 4). Although other polymeric 
matrices, such as polymethacrylate, have been reported [89], few have found significant 
application. 


2.3.4 Stationary phases of porous graphitic carbon 


Another highly inert material is porous graphitic carbon (PGC), consisting of ribbons 
of graphite. It is very robust, stable over a wide pH range and at high temperatures. It 
was chiefly studied by Knox and co-workers [90,91], who recently reviewed its 
properties and applications in detail [92,93]. Recently, a number of investigators have 
examined the retention properties of PGC and concluded that it works by electron/ 
electron surface interaction. Retention selectivity is very different from that of 
conventional partition columns, m—7 electronic interactions and ionized bonds having a 
much greater effect than hydrophobicity [94]. Steric and isomeric differences, which 
often alter the ability of an analyte to interact with a planar surface, can have a 
significant effect, often enabling discrimination of structural isomers [95] and chiral 
analytes [96]. 
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2.3.5 Chiral stationary phases 


Most conventional columns have no inherent chirality and, hence, two enantiomers will 
have identical retention properties and a racemic mixture will be eluted as a single 
fraction. In order to generate a chiral separation, three HPLC methods may be employed. 
Firstly, the enantiomeric analytes can be converted into diastereoisomers, either by 
derivatization with a single enantiomer of a chiral reagent or by the formation of transitory 
diastereoisomers with a chiral ion-pair reagent or additive in the mobile phase. This was a 
common method for some years but it requires either a separate reaction, which may be 
stereoselective (and hence give misleading results), or the continuous use of a chiral 
additive in the mobile phase, which is expensive. Secondly, in theory, a chiral mobile 
phase could be used but few are available which have a sufficiently low viscosity or cost to 
be practical. The third and now most popular methods is to use a chiral stationary phase 
(CSP) in which a chiral selector (a group with inherent chirality which interacts with the 
enantiomers) is part of the stationary phase. 

The use of HPLC for this role has become increasingly important over the last 15 years 
and hundreds of different CPSs have been reported. These were divided into five main 
groups by Wainer [97,98] and have since expanded to six groups (Table 2.4). The different 


TABLE 2.4 


CLASSIFICATION OF CHIRAL STATIONARY PHASES 


Type Name Properties 

Type I Donor—acceptor a,7-Interactions, dipole stacking and H-bonding 
Normal-phase eluents 

Type I Cellulose attractive Attractive forces 
Normal-phase eluents 

Type II Inclusion interactions Inclusion in chiral cavity steric and size factors 
Reversed-phase eluents 

Type IV Ligand interactions Outer complexes with aminoacid groupings 

Type V Protein based Multiple interaction sites low sample capacity 

Type VI Macrocyclic phases Many interaction sites 


materials and their applications have been reviewed in a number of texts [99-103] and 
articles [104—107]. This is one area where SFC has made a major impact. It can often 
generate a higher resolution than conventional mobile phases because the low mobile- 
phase polarity increases analyte/stationary phase interactions [108-110]. One difficulty in 
chiral chromatography is that, apart from a few very general rules, it is very difficult to 
predict which column will achieve the separation of a particular pair of enantiomers. This 
is because the energy differences in the interactions between the chiral phase and the two 
enantiomers are often small and are difficult to model. This means that column selection 
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tends to be a process of trial and error, where success is most likely with a phase known to 
have separated a closely related analyte. 


2.3.5.1 Donor—acceptor stationary phases 


The first chiral phases to have a significant impact were developed by Pirkle [111,112]. 
The initial material was an ionic complex between an amino-bonded silica and the 3,5- 
dinitrobenzoyl derivative of an amino acid, such as phenylalanine. The ionic link was soon 
replaced by the more stable covalent amide bond. It provided a structure with positions for 
donor-acceptor m—T interactions, amide dipoles, and hydrogen-bonding groups with a 
clear steric selectivity. For good selectivity, a three-point interaction is required [113] 
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Fig. 2.5. Example of three-point interactions between dinitrobenzoylphenylglycine chiral sorbent 
and the most retained enantiomer of N-(2-naphthyl)phenylglycine methyl ester, showing 7-7- 
electron interaction between aromatic rings, and hydrogen-bonding interaction with amide. 
(Reproduced from Ref. 115 with permission.) 


(Fig. 2.5), and if this is present, a high chiral discrimination can be obtained. The initial 
concept has led to a wide range of related phases with either m-donor or t-acceptor 
properties and an amide or urea linkage [114,115]. 

Because selectivity depends on strong hydrogen-bonding interactions, these phases are 
restricted to normal-phase (or SFC) separations, as in an aqueous environment the polar 
mobile phase would preferentially interact with the active groups. The principal role for 
these phases is to generate a strong 3-point interaction when the analyte has sufficient 
functionality near the chiral center, and these phases show a very high selectivity. 


2.3.5.2 Cellulose-based stationary phases 


One of the most successful series of chiral stationary phases is made up of substituted 
cellulose phases developed by Okamoto [116-118]. Initially, they were produced as 
acetyl cellulose beads, but subsequently as silica-supported materials. A wide range of 
substituted acyl and carbamates have been developed, based on either cellulose or amylose 


Column Liquid Chromatography 113 


substrates, including Chiracel OB (cellulose tribenzoate), Chiracel OD [cellulose tris(3,5- 
dimethylphenyl carbamate)], Chiracel OK (cellulose tricinnamate), and Chiralpak AD 
[amylose tris(3,5-dimethylphenyl carbamate)]. Chiral selectivity is generated by the 
inherent chirality of the cellulose backbone. A wide range of enantiomers can be resolved, 
the main requirements being the presence of a moderately polar functional group, such 
carbonyl, ester, amide, alcohol or amine, which will interact with the substituents on the 
cellulose backbone. The mobile phase is usually hexane, containing a low proportion of 
propanol. Recently, RP-compatible materials have become available (Chiralcel OD-R). 
The cellulose phases are also very successful as chiral phases in SFC [119,120]. 


2.3.5.3 Inclusion-complex stationary phases 


Another group of widely available natural chiral materials is based on a- B-, and 
y-cyclodextrins. They consist of a ring or toroid of 6, 7, or 8 glucose units with 
successively larger cavities [121]. The center of the each toroid forms a hydrophobic 
cavity, and the hydroxyl groups around the edges provide points of interaction for bonding 
the ring to a silica support or for interacting with the analyte [122]. To achieve a resolution, 
there needs to be a grouping on the analyte, such as a phenyl group, that can enter the 
cavity and bring the chiral center of the analyte close to the chiral edge of the cyclodextrin. 
One advantage of these chiral selectors is that they are compatible with reversed-phase 
eluents and so can potentially handle a wide range of polar analytes, such as drugs. 
Because of the steric requirements of the cavity, these phases can often also separate 
positional isomers of aromatic analytes [123]. Alternatively, free cyclodextrins can also be 
added to an eluent to form complexes in solution. 


2.3.5.4 Ligand chiral phases 


The interaction of amino acids and metals, such as copper, to form complexes has 
generated chiral columns [124] which can form an outer complex with amino acid-type 
groups (R—C(NH,)CO>H). Unfortunately, the range of application is limited to analytes, 
such as dopamine, although the selectivities obtained are high. The ligand complex can 
also be used as mobile-phase additive. 


2.3.5.5 Protein chiral phases 


A number of immobilized proteins, including o,-acid glycoprotein [125], bovine serum 
albumin [126], and ovomucoid [127], have also been used as chiral selectors. The presence 
of numerous different potential interaction points on a complex protein means that these 
columns can separate a wide range of analytes. However, because in a complex protein 
any one site occurs infrequently, the sample capacity is limited and the protein phases are 
restricted in their use. 
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2.3.5.6 Macrocyclic chiral phases 


The last major group of chiral phases to be developed were the macrocyclic phases 
based on the immobilized antibiotics vancomycin or teicoplanin [128]. These antibiotic- 
based materials offer a number of m—7 interactions, chiral hydrogen-bonding sites, 
ionizable groups, amide linkages, and cavity sites for inclusion interactions (Fig. 2.6). 
They provide both normal- and reversed-phase compatible systems with wide 
applicability. 


Fig. 2.6. Structure of vancomycin chiral phase (Chirobiotic V). A, B, and C are inclusion cavities. 
(Reprinted through the courtesy of Advanced Separations Technologies.) 


2.3.6 Molecularly imprinted polymeric stationary phases 


Whereas chiral columns employ the selectivity between analytes and the CSP to 
achieve resolution, a much more specific interaction can be seen in affinity 
chromatography, which uses the specificity of an antibody to selectively retain an analyte 
(Chap. 3). A number of attempts have been made to mimic this interaction by preparing 
synthetic receptor systems as molecularly imprinted polymers (MIP). A target analyte is 
mixed with a monomer containing a functional group, such an acrylic acid, which would 
be expected to generate a specific interaction with the target. The monomer is then 
polymerized, and when the target analyte is removed, it should leave a cavity in the 
polymeric bead, corresponding to the analyte. This material should then retain analytes 
containing the template grouping to a greater extent than an un-imprinted polymer [129]. 
The concept appears to work well in columns for sample preparation [130,131], where 
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groups of related analytes can be selectively trapped, but attempts to generate a chiral 
phase specific for a single enantiomer have given poor chromatographic results. 


2.3.7 Evaluation and comparison of stationary-phase materials 


Numerous papers have reported methods for the evaluation and classification of 
columns, particular reversed-phase stationary phases, and have compiled comparisons of 
the different properties [132-140]. Typical measurements include hydrophobicity (based 
on the ratio of the retention factors of two homologous analytes — also called methylene 
selectivity), shape selectivity, silanol activity, and column efficiency. The shape selectivity 
tests compare the relative retention of either benz[a ]pyrene, dibenzo[g,p ]chrysene and 
phenanthro[3,4-c phenanthrene [141], or the noncarcinogenic aromatic hydrocarbons, 
triphenylene and o-terphenyl [142]. More specialized tests include silanol activity, ion- 
exchange capacity at different pH values and metal-ion content [138-143]. The last of 
these can, however, be dependent on the usage of the column, as metals ions are introduced 
from the pump, tubing, and eluents. Most recent work has concentrated on the effect of 
different stationary phases on ionizable analytes [144-147]. However, there are no 
standardized tests or conditions, and most lists should be regarded as comparative studies. 
Also, a number of the tests have been found to be not very robust or transferable. Solid-state 
NMR spectroscopy has also been used to directly examine the nature of linkages, the types 
of free silanols and bonded groups, and the stability of stationary phases [148-150]. 


2.4 DETECTION 


One of the distinguishing features of instrumental chromatography is the use of on-line 
detectors to continuously monitor the eluent from the column and to present an electrical 
analog or digital signal to a data system. This output is usually linked to a computer, which 
may also provide operational control of the detector as well as integration and storage of 
the data. Thus, it is important to understand the methods and decision-making associated 
with data collection [151-153]. The main advance in recent years have been a move from 
a single output, such as absorbance at a single wavelength, to an output with increased data 
content, such as continuous, full UV spectra, mass spectra or, more recently, NMR spectra, 
which can be used for both identification and confirmation of the analyte structure. 

The principal detectors are: ultraviolet/visible spectrometers, fluorescence spec- 
trometers, refractive-index detectors, evaporative light-scattering detectors, electroche- 
mical detectors, conductivity detectors, mass spectrometers, and NMR spectrometers. 
Many other detection systems have been marketed, but their penetration of the market is 
small. The whole field of detectors for HPLC has been reviewed in monographs 
[154-156]. 


2.4.1 Spectroscopic detection 


Spectrometers are the workhorses of chromatography laboratories and probably 
account for over 95% of the detectors on HPLC systems. 
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2.4.1.1 Ultraviolet spectroscopic detectors 


These are the standard detectors used in HPLC and the presence of a detectable 
chromophore is often regarded as an essential feature of the sample to be assayed. 
Originally, cost was important, and simple, fixed-wavelength detectors were employed, 
based on the line emissions from the mercury (254 nm) or zinc (214 nm) lamps. Although 
now rarely used, they have left a legacy, as 254 nm often still regarded as the “standard” 
wavelength for detection. In practice, this is often a good starting point for most 
compounds. Most UV detectors now employ a deuterium lamp, which emits a continuum 
of radiation from 180 nm up to about 600 nm. A tungsten lamp could be used up to 850 nm 
for visible absorbance, but because colored analytes can usually also be detected at shorter 
wavelengths, a separate visible-light source is rarely used. Most current detectors are 
either variable-wavelength systems, based on a monochromator, which gives a single 
detection wavelength — although this may be programmable during the separation — or, 
commonly, photodiode-array detectors, in which reversed optics are used and the 
spectrum is spread across an array of photodiodes. These are interrogated by a computer to 
continuously provide the full spectrum of the eluate [157] or, simultaneously, the 
absorbance at a number of selected wavelengths. The cost of a diode-array system was 
initially high but has rapidly decreased, as computing and microchip technology has 
become more powerful and effectively cheaper. 

All of these detectors are based on the use of the Beer—Lambert relationship 
(Absorbance = path length X molar concentration X molar absorptivity). Thus, for any 
particular analyte in the same detection cell, the signal is proportion to its concentration, 
and a calibration curve can be used to determine the concentration. However, different 
chromophores can produce very different responses and, thus, their sensitivities can differ 
markedly. For example, the addition of a hydroxyl group to an aromatic ring (e.g., from 
benzene to phenol) will increase the absorbance 10-fold at ca. 250 nm (Table 2.5). 

As a consequence, even large amounts of an analyte lacking a chromophore may not be 
detected, whereas highly absorbent trace impurities may give a large signal. Thus, the 
relative areas under the peaks in a chromatogram may represent very different masses of 
the analytes. It is also important to realize that because “stray light” gives a background 
signal from the photomultiplier in a UV detector, the linearity of the response decreases 
above an absorbance of 1.0; a higher absorbance should not be used for quantitative 
analysis. There is also a mode of indirect detection, in which the background response due 
to an ionized mobile-phase additive containing a chromophore is reduced by displacement 
with ionized analyte ions to maintain electrical neutrality [158]. 


2.4.1.2 Fluorescence detectors 


The second-most common spectroscopic detection method is fluorescence spec- 
troscopy, which is both highly selective and highly sensitive [159]. However, its 
applicability is limited by the restricted number of naturally fluorescent analytes. Since 
fluorescent analytes also contain a chromophore and can be detected by UV spectroscopy, 
fluorescence detection is only needed when either enhanced selectivity or sensitivity are 
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TABLE 2.5 


EXAMPLES OF TYPICAL CHROMOPHORES 


Chromophore Wavelength maxima (nm) Molar absorptivity (e) 
A. 170-180 7000—10,000 
Sear 214 21,000 
ae 190 1900 
280 13 
ee i 215-240 10,000—15,000 
ena 245-270 15,000—20,000 
R 
184 60,000 
200 7400 
254 204 
Ce 248 14,800 
| S 280 3000 
Z 
S708 210 6200 
| ¥ at high pH Ph-O~ 235 9400 
SN 230 8600 
| 2 at low pH NH¢ 254 160 
| S OH 254 500 
ZA 
| SN 266 7800 
Z 
i 240 12,600 
ih 
Ls 
230 10,000 
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important. Typical applications are for trace levels of polynuclear aromatic hydrocarbons 
(PAHs) in environmental analysis, but even here there is a problem, as each PAH has 
a different pair of optimum excitation and emission wavelengths. One application of 
fluorescence detection has been to increase the sensitivity for very small amounts 
of sample or in microflow systems when the inherent amount of the analytes is small. 
For some analytes, derivatization is used to introduce a fluorophore to enhance sensitivity, 
but although the literature contains a large number of potential reactions and reagents 
[160-163], in reality few are ever used, because the process of derivatization adds an extra 
step to sample preparation, which can introduce additional variability and reduce 
quantitative accuracy. 


2.4.2 Other common detectors 
2.4.2.1 Refractive-index detectors 


Refractive-index detectors have been long regarded as the alternative to UV 
spectroscopy when an analyte lacks a chromophore. However, they are bulk-property 
detectors and operate by distinguishing the small change in the refractive index of the 
eluent when an analyte is present. Consequently, they are inherently insensitive. In the 
past, their main application has been for carbohydrates or lipids, but these are now often 
detected with a light-scattering detector. 


2.4.2.2 Light-scattering detectors 


The light-scattering (or mass evaporative) detector (LSD) operates by spraying the 
eluent into a drift tube and thermally evaporating the solvent [164-166]. Any residual 
involatile analyte particles are then detected as they fall through a light beam by measuring 
the scattered radiation. This detector has been developed steadily over the years, and it 
now often rivals or exceeds the sensitivity of the refractive-index detector. It is particularly 
advantageous with high-molecular-weight analytes [167,168], but improved design allows 
it to be used when the difference in volatility between the analyte and the mobile phase is 
relatively small. The main disadvantage is that the response can be non-linear, as the 
intensity of scattered light is a combination of Raleigh and Mie light-scattering 
mechanisms, which often depend on particle diameter rather than mass. The LSD is 
particularly useful in SFC, where the carbon dioxide mobile phase evaporates readily 
[169]. In recent years, an important role for the detector has been as part of a LC/MS 
system, as it enables the universal detection of all analytes, whereas the mass spectrometer 
can be selective, depending on the ionization process [170]. 


2.4.2.3 Electrochemical amperometric/coulometric detectors 


The electrochemical group of detectors is based on the determination of the current that 
flows across a detector cell when an analyte is electrochemically oxidized or reduced by 
the application of a potential [171-173]. It works most effectively for the RP 
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chromatography of easily oxidizable groups, such as phenols or arylamines at an applied 
potential of 0.8 to 1 V relative to the Ag/AgCl electrode. A number of different electrode 
designs have been marketed [174]. One difficulty is that the range of applications is limited 
and, for some samples, fouling of the electrode surfaces reduces its reliability. The method 
is very sensitive (up to 100 times greater than UV spectrometry) and very selective, as no 
response is generated by non-oxidizable analytes. Its principal application has been in the 
pharmaceutical field, where it is used, e.g., for the determination of estrogens in urine, and 
clinically for the determination of catecholamines at natural levels. 

Reducible analytes, such as nitroaromatic and azo compounds, can be detected by using 
a negative applied voltage, but the response is more difficult to achieve in practice, as 
oxygen is oxidized at a lower voltage and must therefore be excluded from the eluent and 
sample solutions. This mode has found application in the trace detection of explosives 
[175] and food dyes. If the applied potential is pulsed cyclically, the electrode surface can 
be cleaned between each measurement step, and this increases robustness and reduces the 
effects of contamination [176]. This method has been found to be suitable for the detection 
of carbohydrates in eluents of high pH [177], where its gives much better results than 
refractive-index or UV detection, and it can also be used for some antibiotics [178]. 


2.4.2.4 Conductivity and suppressed-conductivity detectors 


The elution of ionized analytes (both cations and anions) can be detected by the change 
that they cause in the conductivity of the eluent. Direct measurement of the resistance of 
the eluent can be very successful, if the background conductivity is low. However, as the 
separation method for ionized analytes is often ion-exchange chromatography, a high 
buffer concentration is frequently used, which produces a potentially high background 
signal, making analyte detection harder. In these cases, suppressed conductivity detection 
can be employed, in which the buffer ionization is suppressed so that the analytes are more 
readily distinguished [179]. This technique forms the basis of the determination of small 
inorganic cations and anions by ion chromatography (Chap. 4). 


2.4.2.5 Chiral detectors 


The interest in the separation of enantiomers (Sec. 2.3.5) has also led to an interest in 
detectors selective for chiral analytes. Both polarimetry- [180,181] and circular dichroism- 
based [182] detectors have been reported, but neither has gained wide popularity because 
of limited sensitivity. In addition, it is difficult to determine the enantiomeric purity of an 
analyte from optical rotation alone, so that separation into the individual components is 
more powerful as an analytical tool. 


2.4.2.6 Other detectors 


Over the years, there have been reports of numerous other minor detection methods, 
including radiochemical detection for analytes containing radioactive isotopes [183] and 
flame-ionization detectors (where the mobile phase needs to be removed). Some satisfy 
niche applications, but none have gained widespread application. 
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2.4.3 Coupled detection methods 


As well as a direct detection method for analytes, one of the areas of interest in recent 
years has been in the use of coupled detectors, where the output from the column is 
connected directly to a detector, which can provide additional structure or identification 
information on the analyte. These detectors are usually well established and widely used as 
stand-alone analytical instruments. The last 10 years has seen more interest in these 
information-rich detection methods, especially LC/MS, LS/MS/MS, LC/ICP, and 
LC/NMR as well as diode-array detection. Reduction in the cost of the computing 
power to handle the data and consequently increased sales have tended to reduce overall 
prices markedly. In some cases, these methods can also provide a high degree of 
selectivity by responding to the presence of selected ions or elements. Although usually 
used individually, one recent trend has been multiple coupling of detectors for NMR, IR, 
and MS, together with UV spectrometry (Fig. 12.2) [184,185]. A more detailed review of 
many of these detectors can be found in Chap. 10. 


2.4.3.1 Liquid chromatography/mass spectrometry and liquid chromatography/tandem 
mass spectrometry 


Mass spectrometry (MS) is a very sensitive detection method, which can provide mass 
and structural information. For many years, coupling LC to MS posed practical problems, 
but most of these are now overcome [186,187]. Application of LC/MS in areas, such as 
drug metabolism and for rapid identification in synthetic combinatorial chemistry, is 
now routine [188], but some analytes and matrices still cause problems and some analytes 
may go undetected [189,190]. The further stage of LC/MS/MS provides additional 
selectivity and, hence, sensitivity, which can be valuable in trace assays and metabolism 
studies. 


2.4.3.2 Liquid chromatography/nuclear magnetic resonance spectrometry 


LC/NMR [191,192] can provide a high level of structural information and is 
complementary to LC/MS, as it can often readily distinguish between isomers with 
identical mass spectra. However, it is a relatively expensive detector, and mobile-phase 
components can produce interfering signals. Its principal drawback is that the sensitivity is 
relatively poor, although improving with recent advances in design. 


2.4.3.3 Liquid chromatography/infrared spectrometry 


Although IR spectroscopy can yield information on the presence of functional groups, 
and the fingerprint region can provide a good characterization, LC/IR [193] has not been 
particularly popular because of severe interference from the mobile phases, which give 
numerous signals. 
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2.4.3.4 Liquid chromatography/atomic absorption spectrometry and liquid 
chromatography/inductively coupled plasma spectrometry 


Interest in environmental samples and in organometallic drugs has led to the coupling 
of LC and atomic absorption spectrometry (AAS) [194] or, more recently, to inductively 
coupled plasma (ICP) spectrometry [195-197]. Whereas AAS effectively monitors a 
single element, ICP/MS can simultaneously detect a range of elements and isotopes [198]. 
Both have high sensitivity and can be very selective. As they normally are designed for a 
liquid inlet, interfacing poses few problems. 


2.5 SEPARATION METHODS 


The selection of a separation method depends on a number of factors, the purpose of the 
assay, the nature of the analyte of interest, any associated compounds from which it has to 
be separated, and the sample matrix, as well as the number of samples to be analyzed and 
the sensitivity required. In many cases, the best guide for a method is previously reported 
assays of the same or related analytes, but differences in stationary-phase materials mean 
that the conditions may need to be optimized or significantly altered to achieve the desired 
separation. An important factor in many assays is the need for robustness and 
reproducibility to satisfy the requirements of regulatory agencies. 

The primary considerations are the nature and structure of the analyte. Its polarity, 
ionizability and size will largely determine the retention. Additionally, the presence or 
absence of a chromophore will govern detectability (Sec. 2.4). The primary choice for 
compounds with molecular weight <2000 is between normal- and reversed-phase 
separation methods and can be described by a decision tree (Fig. 2.7). For larger molecules, 
primarily biological and synthetic polymers, SEC should also be considered (Chap. 5). 

The other components in a sample mixture and the sample solvent can also influence 
the method selection. Because normal-phase separations are primarily governed by polar— 
polar interactions, it is a suitable method for mixtures containing analytes with a range of 
polarities. But because water tends to deactivate silica surfaces, the sample solvent must 
be organic and relatively dry, making this an unsuitable method for many pharmaceutical 
samples. In contrast, in RPC an aqueous eluent is used, so that aqueous sample solvents 
cause no problems. However, organic sample solvents are strong eluents and can interfere 
with peak shapes. Reversed-phase methods separate on the basis of size and polarity 
(hydrophobicity), so they can usually resolve analytes with the same polar functionality 
but different alkyl groups, such as homologs, and compounds without functional groups. 
Much practical advice on the operation and practical problems in HPLC separations and 
systems can be found in recent monographs [199-201]. 


2.5.1 Normal-phase and supercritical-fluid separations 
In normal-phase chromatography (NPC), the principal separation mechanism is a 


polar—polar interaction between the analytes and the stationary phase. As a consequence, 
very non-polar analytes, such as alkanes, aryl hydrocarbons, and ethers, which suffer very 
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little interaction with the stationary phase, are poorly retained and difficult to resolve. Very 
polar compounds, including amines, alcohols, amides, and ionizable analytes, are also 
difficult to separate as they interact strongly with silica columns and are difficult to elute. 
Amines are particularly problematic, as they can also suffer additional ion-exchange 
interactions with any acidic silanol groups. Normal-phase separations are therefore 
primarily useful for moderately polar analytes, such as esters, ketones, aldehydes, and 
some hydroxyl compounds. 

As the main column material is silica, the principal variable in any method 
development is the mobile phase. Many potential eluents have been classified by their 
elution strength (Table 2.6) on a silica column [202] The selection of useful solvents is 
severely limited, because they must have no chromophore, as even a weak absorbance 
would interfere with the nearly universal UV spectroscopic detection. Normally, solvent 
UV absorbances of less than 1 are required (see Table 2.6, otherwise effectively all the 
light passing through the detector cell is absorbed and detection becomes difficult. 

To increase selectivity, different combinations of solvents can be used to achieve the 
same overall elution strength. However, even small amounts of a strong component, 
such as an alcohol, can have a marked effect. On silica columns, the separations are 
usually carried out isocratically. The slow equilibration of the silica surface upon 


TABLE 2.6 


ELUTION STRENGTHS (SOLVENT POLARITY PARAMETERS, P’) OF 
TYPICAL ORGANIC SOLVENTS USED IN THE MOBILE PHASE IN 
NORMAL-PHASE HPLC AND THEIR CUT-OFF WAVELENGTHS [202] 


Solvent P' UV cut-off (nm) 
Alkanes (hexane) 0.1 200 
Toluene (UV — not used) (2.4) 290 
Isopropyl ethyl 2.4 220 
Diethyl ether 2.8 218 
Dichloromethane 3.1 235 
Tetrahydrofuran 4.0 212 
Chloroform 4.1 245 
Ethyl] acetate 4.4 256 
Acetone (5.1) 330 
Ethanol 4.3 210 
Dioxan 4.8 215 
Methanol 5.1 205 
Acetonitrile 5.8 190° 
Water 10.2 <190 


“ High-purity grade. 
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changing the eluent means that gradient elution is not practical, because long 
re-equilibration periods would be needed after each run. Polar bonded phases, such as 
cyano-bonded silica, are better but are still best used isocratically. These restrictions 
have severely limited the application of NPC and they probably represent only a small 
fraction of the methods in current use. Many of the separations that are used are 
effectively adaptations of TLC methods or special cases, such as chiral separations in 
which non-polar solvents are needed to enhance the interaction between an analyte and 
the stationary phase (Sec. 2.3.5). 

Supercritical-fluid chromatography, where the mobile phase, normally condensed 
carbon dioxide, is environmentally benign and has no background chromophore, can be 
regarded as a specialized form of normal-phase separation [203-205]. It seems 
particularly attractive, because the elution strength can be simply manipulated by altering 
the density by changing pressure and temperature. Although potentially very attractive, 
it has not gained the usage that was originally promised, largely because as a normal-phase 
method it is limited to relatively non-polar analytes and it is unsuitable for 
most pharmaceutical applications. Its principal application is now in chiral separations 
[108,206] and the fractionation of lipids and polymers. The ease of removing the solvent 
after chromatography has also made it attractive for preparative separations [207,208]. 
However, instrumental problems of working with a fluid under pressure meant that it was 
slow to be accepted. Apart from selected applications, it rarely offers advantages over RP 
methods. The main role of supercritical fluids in analytical chemistry is now in extraction, 
as part of sample preparation [209]. 


2.5.2 Reversed-phase separations 


Reversed-phase chromatography (RPC) employs a non-polar bonded phase and usually 
an aqueous organic mobile phase. Separation is based on partition of the analyte between 
the mobile and stationary phases and is governed by polarity and hydrophobicity of the 
analytes. RPC can handle a wide range of polarities — from non-polar compounds, like 
PAHs, to polar pharmaceuticals. Equilibration is rapid and it is a very robust technique, 
ideal for quality control and regulated methods, and thus it has been adopted for the 
majority of HPLC separations. 

The strength of the eluent is governed by the proportion of organic modifier, usually 
either methanol, acetonitrile, or THF (Table 2.7). Each solvent has advantages and 
disadvantages and all three are compatible with UV spectroscopic detection [210]. 
Because the interaction of each modifier with an analyte can be different, selectivity or 
relative retention changes for a mixture can often be obtained by comparing 
isoeluotropic mixtures (same elution strength combinations, for example, methanol/ 
water 70:30, acetonitrile/water 50:50, or THF/water 35:65). Gradient elution can be 
used to speed up the elution of more highly retained analytes. With the bonded Cj, 
alkylsilicone columns equilibration is rapid on changing the eluent. The normal 
preference for the organic component of the eluent is methanol for economy or 
acetonitrile for efficiency. THF is often avoided because of its high vapor pressure, 
which can cause degassing and vaporization problems. Other organic solvents (such as 
dioxan, ethanol, or propanol) have been tested and are occasionally employed. For most 


Column Liquid Chromatography 125 


TABLE 2.7 


RELATIVE ELUTION STRENGTHS OF PRINCIPAL MOBILE-PHASE 
COMPONENTS EMPLOYED IN REVERSED-PHASE CHROMATOGRAPHY 
{210] 


Solvent Elution strength (S) UV cut-off (nm) 
H,0 0.0 <200 
MeOH 2.6 205 
MeCN 3.1 230 

190 (far-UV grade) 
THF 4.4 212 


assays they do not offer significant selectivity differences and have higher viscosity and 
back-pressure. The main reason for comparing the three principal solvents is that they 
offer different retention selectivities, as they have different dipole, proton-accepting, 
and proton-donating properties. Optimization methods (Sec. 1.5) usually interpolate 
between the individual solvents to obtain the combination with the optimum selectivity 
for a particular mixture. 

Many different reversed-phase column materials are available, but unless there is a 
specific interaction, the selectivity differences between similar types of columns 
(particularly with Type B silica columns) are usually less than the differences introduced 
on changing the eluent solvent. The presence of basic analytes in a sample can cause 
differences, because their retention will depend on the type of silica and degree of end- 
capping. For non-polar molecules, the shape of PAHs can cause changes on different 
phases according to the type of bonding and density of the Cj, alkyl chains through a 
shape-selectivity effect. 


2.5.2.1 Ion-pair and buffered eluents 


Conventional reversed-phase separations can be readily used for even highly polar 
but neutral analytes. However, functional groups which can ionize, such as amines, 
acids, or phenols play a major role in the pharmaceutical industry, because these 
groups can increase water solubility and hence drug adsorption. Unfortunately, the 
presence of an ionizable group causes problems, as the degree of ionization can change 
during chromatography, altering the polarity of the analyte and causing poor peak 
shapes and unreliable results. Two main approaches have been used to overcome these 
problems. 

Firstly, by controlling the pH of the eluent the analyte can be forced into either a fully 
neutral (ion suppression) or ionized form. However, charged analytes are so water-soluble 
that they are effectively unretained, even with neat water as the eluent, and cannot be 
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TABLE 2.8 


BUFFERS USED IN HPLC TO CONTROL IONIZATION 


Buffer pKa Effective range 
Phosphate 

pKal 2.1 1.1-3.1 

pKa2 52, 6.2-8.2 

pKa3 12.3 11.2-13.3 
Citrate 

pKal 3.1 2.1-4.1 

pKa2 4.7 3.7-5.7 

pKa3 5.4 4.4-6.4 
Formate 

pKa 3.8 2.8-4.8 
Acetate 

pKa 4.8 3.8-5.8 
Ammonia 

pKa 9.2 8.2—-10.2 


Typically used at concentrations of ca. 20-50 mM, buffers can control the pH 
accurately only within +1 pH units of their pKa value. For LC/MS volatile buffers 
(usually ammonium salts) must be used. 


retained or separated so that the neutral form is preferred. The buffers employed (Table 2.8) 
must be compatible with the type of detector used. The buffer must contain no 
chromophore absorbing in the UV range, and for LC/MS, must be volatile. However, the 
stability of silica-based stationary phases imposes the limitation of the pH 3-8 range for 
column stability, although some newer materials claim a greater stability. Alternatively, 
polymeric columns or PGC columns, which are more pH stable, can be employed. On most 
columns, ion suppression is therefore usually restricted to: carboxylic acids (tpically 
pKa = 4.75), phenols (pKa = 9.89), and aromatic amines (pKa = 4.63) (Table 2.1) but 
cannot be used to suppress the ionization of sulfonic acid groups (pKa = <0.7) or 
aliphatic amines (pKa = 10.77), remembering that the pH must be at least one unit above 
or below the pKa to achieve full control. 

The second method is to employ ion-pair chromatography [211], in which a counter- 
ion of opposite charge to the ionized analyte is added to the mobile phase to create a 
neutral ion pair in solution (Table 2.9). This method can be applied to almost all 
ionizable analytes if the pH of the mobile phase is adjusted so that the analytes are fully 
charged. The retention of the ion pair depends only on the concentration of the ion-pair 
reagent and the degree of ionization (usually selected to be 100% for robustness) 
controlled by a buffer. A number of ion-pair reagents are available (Table 2.9). 
Typically, they contain an aliphatic chain, and reagents with longer chains give increased 
retention. Fluorinated alkyl chains are used to increase volatility for LC/MS [212]. 
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TABLE 2.9 


SELECTION OF COUNTER-IONS FOR ION-PAIR CHROMATOGRAPHY 


Analyte Counter-ion* pH 
Sulfonic acids (RSO3 ) NRqg 3-8 
Carboxylic acids (RCO; ) NR 5-8 
Aliphatic and aromatic amines (RNR’ H"*) RSO3 /RF—CO3 3-5 
Quaternary ammonium salts (NR?) RSO; /RF—CO; 3-8 


“ Typical counter-ions—all aliphatic without chromophore: NRZ Quaternary aliphatic amines; 
(C4Ho)4NT tetrabutyl ammonium salts TBA; C16H33N*t (CH3)3 cetrimide salts 

RSO3 Aliphatic sulfonic acids: CH3SO3 to C;2H25SO3 

RF-CO, Volatile fluorocarboxylic acids for LC-MS: CF3CO, (trifluoroacetic acid, TFA), 
C3F,;CO, (heptafluorobutanoic acid), and CgF,3COz (perfluoroheptanoic acid) 


The ion-pair reagents must not contain a chromophore, so that when they are added to 
the mobile phase, they cause no interference with UV detection. The concentration of the 
ion-pair reagent is limited, because above a certain concentration (critical micelle 
concentration) they can form micelles having very different retention properties. 

If neither ion pairing nor suppression can be used, the analyte can be derivatized to 
form a neutral species for separation (e.g., by converting an amine into an amide or an acid 
into an ester) [160-163]. Although derivatization reactions were popular in the early days 
of HPLC, the technique is now rarely employed, because it requires an additional sample 
preparation stage, which can reduce quantitative accuracy. The only routine exceptions are 
cases where derivatization would also aid detection by the introduction of a chromophore, 
such as the conversion of amino acids to their o-phthaldialdehyde (OPA) derivatives. 
Inorganic ions whose ionization cannot be suppressed and will not form ion pairs are 
usually analyzed by ion-exchange chromatography [213] (Chap. 4). 


2.5.2.2 Relationship of retention to structure 


Because reversed-phase chromatography is a partition-based separation, it reflects 
other hydrophobicity-controlled distributions between polar and non-polar phases. The 
most important of these is the log P, octanol/water distribution, which is often used as a 
guide to the partition between body fluids and fatty tissues and hence the transport of drugs 
around the body and their activity. Extensive studies have related log P values to the 
chemical structure (size, functional groups and their positions) of drugs, using quantitative 
structure/activity relationships (QSAR) [214,215]. Similar relationships are found in RP- 
HPLC [216] and can be used as a guide to log P activity, being more convenient than the 
traditional “‘shake-flask” method [217,218]. 
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This work is part of a larger series of investigations into the relationship between 
structure, functional groups, hydrophobicity, and retention [219-222]. Other studies, in 
particular by Abrahams and co-workers [223,224], have focused on the details of the effect 
of aromatic substituents and hydrogen bonding on solvatochromism. The hope is always 
that a full understanding of the factors influencing partitioning can be used to predict the 
retention of new compounds, thus facilitating method development. 


2.5.3 Optimization methods 


An important part of setting up a new HPLC method is to optimize the conditions that 
are being used, to achieve the best separation in a reasonable time. This is discussed in 
detail in Sec. 1.5. Here, it is necessary only to emphasize that one must also ensure that the 
method is robust and will not be altered by minor method changes [225]. The advent of 
computers has meant considerable progress in optimization methods [226,227], based on 
prediction, stepwise method improvement, and expert systems [228-230], or neural 
networks [231]. Many of these optimization methods are characterized by an empirical 
approach, which generally does not take into account the structure of the analytes as a 
parameter but alters the parameters of a separation to give the “best” resolution. These are 
usually based on three isoeluotropic starting points and interpolations between them, by 
using either a limited number of points or a mapping technique. 

Optimization is based on the application of a separation function criterion to obtain 
maximum resolution (no overlaps) and maximum and minimum run times. The selection 
can also be based on interpolation between fixed points or by iterative methods [232-234]. 
This method can be quite successful and frequent selects suitable conditions after as few as 
seven trial separation conditions. It tends to favor binary or ternary eluent combinations. 
An alternative approach is to use computer interpolation between measured separations. 
This method (DryLab) tries to be more predictive [235] and includes the examination of 
the effects of solvent, pH, and temperature. Computer systems based on a widespread 
knowledge of analytes and functional group properties in different eluents and columns are 
the basis of other computational models, an example of which is ChromSword [236]. This 
approach has the advantage that it works in the same way as an experienced analyst, by 
taking the structure of the analytes and the effects of different conditions into account. 


2.6 LIQUID CHROMATOGRAPHY IN SAMPLE PREPARATION 


Although conventional gravity-fed columns are rarely used in analytical LC, the same 
partitioning principle is used in sample preparation in a number of different guises [237]. 
The most common is solid-phase extraction (SPE) [238-240], in which a small, 
disposable column is used to carry out the extraction of analytes from complex mixtures, 
such as biological or environmental samples, so that subsequent chromatographic 
separations are easier to perform. The column can be packed with either normal-phase, 
reversed-phase or ion-exchange materials so that they retain the analyte. The concentrated 
analyte is then eluted in a small volume of organic solvent. Alternatively, the column can 
allow the analyte to pass through and trap the rest of the sample. A variation on this 
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method is solid-phase microextraction (SPME), in which the analyte is trapped on a coated 
fiber [241-244]. This has been used mainly for GC, but it can also be used for HPLC. The 
stir-bar extractor [245], in which the analyte is trapped on a coated magnetic stirrer, uses a 
similar concept. Again, the main application has been in GC, where the analyte can be 
removed by thermal desorption. The common feature of all these methods is an attempt to 
reduce the amount of organic solvent that is used and to enable the steps to be automated, 
from the initial sample to injection and beyond. 


2.7 HIGH-TEMPERATURE SEPARATIONS 


In the early years of HPLC, when separations were carried out with the column at 
ambient temperature, it was recognized that retention times were inversely dependent on 
temperature [246]. Ambient temperature variations have since been identified as a major 
source of retention variation. However, little use has been made of temperature as an 
operating variable. Increasing the temperature alters the thermodynamic distribution, and 
in almost all cases this results in a decrease of retention and, hence, faster separations. The 
increased temperature also reduces the mobile-phase viscosity and the lowered back- 
pressure enables higher flow-rates to be employed. A concurrent increase in diffusion rate 
is also claimed to improve the mass transfer within the column and should therefore also 
improve the efficiency of the separation. Confusingly there are also reports where an 
increase in temperature has resulted in a decrease in efficiency [247]. This is often 
attributed to a difference between the inlet temperature and that of the column. However, 
some studies have demonstrated that reducing the column inlet temperature can also 
actually increase the efficiency and that marked differences can occur between nominally 
similar instruments and columns [248]. 

There has been a recent upsurge of interest in high-temperature LC, in many cases 
with the eluent temperature above the boiling point of the solvent at atmospheric pressure 
[249,250]. Many of these separations, particularly on capillary or open-tubular columns, 
are particularly effective. Another approach has been to use water as the sole mobile phase. 
Its polarity decreases markedly as the temperature is raised, to the extent that it starts to 
mimic methanol/water mixtures in the range 150—200 °C [251]. This enables solvent-free 
separations to be carried out, and this has particular advantages in detection. LC/NMR can 
be carried out with D2O as the eluent [252], or an aqueous eluent can be directed to a 
flame-ionizaton detector (FID) [253-255]. The main limitations are the stability of 
the stationary phases, although, PS-DVB, PGC, and zirconia-based columns can be used up 
to 200 °C. 


2.8 MINIATURIZATION 


Over the years, there has been an interest in the miniaturization of LC, partly by the use 
of narrower columns, as less solvent would be required, and there are claims of improved 
separations [256]. However, miniaturization causes other problems, as both the injection 
volume and detector volumes also have to be miniaturized to reduce band-broadening. 
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The reduction in the flow-cell dimensions causes sensitivity problem in UV detection as 
the path-length is reduced. In the 1980s there was some interest in microbore LC, but the 
practical instrumental problems were not balanced by savings. There is also some more 
recent interest, as LC/MS can provide sensitive detection with a limited flow-rate. 

In recent years, the use of electrically driven separations, in which the mobile phase is 
moved by electro-osmosis with a planar front, has been developed as a result of interest in 
CE. This has enabled narrow, packed columns to be tested in capillary electrochromato- 
graphy [257-259] (Chap. 7). This system also permits the use of much smaller particle 
sizes (down to | zm), as flow is no longer restrained by the back-pressure. These ideas are 
moving toward separation devices built on silicone or PS-DVB chips, potentially 
miniaturizing the HPLC process, but detection is still limiting (Chap. 11). 


2.9 LARGE-SCALE SEPARATIONS 


HPLC is gradually moving from being an analytical technique to also being a 
preparative method. Even though it is expensive to produce large columns and 
chromatographic systems, it is commercially viable for high-cost chemicals, such as 
some pharmaceuticals, flavors, perfume components, and natural products [260,261]. For 
much of the work, the process has been primarily one of scaling up the separations process, 
by using larger-diameter columns and higher flow-rates to maintain the same linear flow- 
rates [262-265]. Both normal- and reversed-phase separations have been carried out [266], 
and throughput could be increased by overloading the columns at the expense of efficiency. 
However, increased size brings problems of safety and solvent handling. 

Most separations are carried out in the partition or distribution modes. With high 
sample loading, displacement chromatography can also be used, in which each component 
of the sample mixture is displaced by the next more highly retained component [267]. This 
can give very high throughputs, but the system is harder to set up and is not easily 
understood in terms of traditional separations methods. Peak-widths and separations 
between components depend on the amounts of each component rather than on retention 
distributions. 


2.9.1 Simulated moving-bed separations 


A major problem in scaling up is that chromatographic methods are a sequential or 
batch process and thus not compatible with continuous chemical and production processes. 
One approach that has been developed to overcome this problem is to alter the 
conventional column system, so that the stationary and mobile phase both effectively 
move through the system in opposite directions. Some analytes are then carried in one 
direction from the injection point (carried by the moving “stationary phase” and others in 
the opposite direction carried by the mobile phase). Continuous injection results in a 
splitting of the sample into two components. 

Because it is experimentally very difficult to move stationary and mobile 
phases simultaneously, the simulated moving bed has been designed [268,269]. In this 
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Fig. 2.8. Moving bed separations. (a) True moving bed separation in which the mobile and 
stationary phases move in opposite direction. (b) Simulated moving bed in which the eluent 
moves through a circle of columns and the inlet feed, product extraction and raffinate (unwanted 
components) points move in steps clockwise around the circle to mimic the movement of the 
stationary phase in the opposite direction to the mobile phase. (Reproduced from Ref. 272 with 
permission.) 


system, a series of columns is arranged in a circle (Fig. 2.8). The stationary phase stays 
static but the mobile-phase input point, the sample input and extraction points move in 
steps around the circumference so that, effectively, the stationary phase is moved, relative 
to the injection point. Continuous operation can generate a high throughput, even from 
small column dimensions, and the system is ideal for simple mixtures, such as for the 
separation of a pair of enantiomers [270], and it can also be used in SFC [271,272]. 
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3.1 INTRODUCTION 


In the majority of chromatographic separations, the overall retention and selectivity 
are primarily determined by a single type of interaction or property of the system, 
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which is composed of the solute and the mobile, and stationary phases. Generally, these 
interactions are not very selective stereochemically or topologically. Since any given 
protein in a cell extract is not unique with respect to one of these chromatographic 
interactions, obtaining material of high purity requires that a number of different 
chromatographic steps be performed. However, each protein is unique with regard to 
the surface distribution of charges and hydrophobic and hydrophilic amino acid 
residues. Making use of the types of binding and recognition processes provided by 
nature, an adsorbent can be created which interacts in a complementary manner with 
these features and will selectively adsorb this protein from a cell extract. Such 
biological recognition processes include antigen/antibody recognition, hormone/receptor 
binding, enzyme/substrate interactions, and the various interactions involved in nucleic 
acid transcription. In nature, many mechanisms and structures have evolved which 
permit the discrimination of extraordinarily subtle topological differences between 
molecules. A minor change in chemical structure can have a profound effect on the 
binding constant. In these systems, selectivity relies on highly specific biological 
recognition, where multi-point interactions between the partners takes place and steric 
constraints will prevent other proteins with similarly oriented electrostatic and 
hydrophobic moieties from binding; this is often described as the “lock-and-key 
principle”. Since each of the various interactions can be ionic, hydrogen-bonding, Van 
der Waals, or solvophobic in nature, the net effect is usually multimodal in terms of the 
nature of the binding mechanism. 

The idea of exploiting nature’s own selectivity to isolate a specific material from a 
complex biological mixture by “affinity chromatography”, in contrast to generating 
columns with thousands of theoretical plates, as is done in HPLC, goes back to 
Cuatrecasas et al. [1]. They described a one-step isolation of hydrolases by means of 
adsorbents with immobilized enzyme inhibitors [2]. However, some publications on the 
successful application of specific adsorbents (mainly antibodies and antigens) for the 
one-step isolation of biologically active proteins appeared some years earlier [3,4]. 
Today, it is recognized that the development of affinity chromatography was a major 
advance in biochemical methodology. What was for a long time understood by the 
term “affinity chromatography” was retention based on this naturally occurring 
recognition process, being a shorthand for “bioselective affinity retention”. This strong 
context was undermined in the last 15 to 20 years, as other modes of chromatography 
that involve the formation of complexes or covalent bonds between an immobilized 
ligand and a solute were often included under this term. Although there is much to be 
said about it, this chapter will concentrate on bioselective and group-specific affinity 
chromatography. Both are designated as a type of adsorption chromatography and 
cannot — practically — be operated under isocratic conditions. Since it is clearly 
impossible to cover all known affinity ligands and affinity techniques, only general 
issues are covered by means of some representative examples. Developments in the 
field of genetically engineered affinity tags as well as synthetic ligands from various 
libraries will also be considered. A collection of reviews on affinity chromatography 
can be found in Ref. 5. 
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3.2 CHROMATOGRAPHIC OPERATIONS 


The immobilization on a solid phase of an active ligand that will recognize, selectively 
retain, and thereby ideally isolate the product of interest from all other components of the 
sample is an absolute necessity in affinity chromatography. Thus, retention is based on 
adsorption, and all unwanted components should freely pass through the column. Then, 
the adsorbed product should be released as a sharp peak — free of all contaminants — by a 
specific change of the mobile phase. Owing to the high association constants, affinity 
chromatography cannot be carried out by isocratic elution, except in the case of weak 
affinity ligands [6]. Instead, some type of step or gradient elution is commonly employed. 
The operational steps are as follows: 

1. Loading (adsorption) phase: The sample, which contains one member of a 
complementary pair of interacting partners (e.g., the antigen of an antibody or the 
receptor of a hormone, which are immobilized on the column support), is loaded 
onto the column in a buffer which promotes adsorption of the target molecule (the 
binding buffer). A solute that “recognizes” the immobilized affinity ligand is reve- 
rsibly adsorbed on the stationary phase. Additional interactions of other solutes with 
the affinity ligand or the chromatographic support, often called “non-specific” inter- 
actions, may contribute to this binding or to “non-specific” adsorption of some of those 
solutes. 

2. Washing phase: Non-binding or weakly bound species are washed off the column 
with either the binding buffer or another suitable, weak mobile phase, which promotes 
desorption of only the weakly bound species. 

3. Elution (desorption) phase: Adsorbed species are eluted from the column by either 
completely or gradually replacing the binding buffer with the eluting buffer. To this end, 
a component can be added to the buffer which specifically competes for the ligand or 
product-binding sites. Alternatively, the ionic strength or the pH can be changed, or an 
organic solvent or chaotropic agent (urea, guanidine hydrochloride) can be added so as to 
decrease the strength of the association. The purpose of an elution buffer is to dissociate 
the various bonds that make up ligand/solute interactions and to return the target protein 
to the mobile phase in active form. For very high affinities (K, > 10° M —'), the elution 
buffer may need to be very specific, unless a specific competitor is available. Prevention 
of denaturation is a priority [7], but this is not always possible [8] and a loss of activity 
of the released protein often occurs [9]. The purification of oligomeric proteins may 
present special problems. If non-specific elution conditions are used to disrupt the 
complex between a multi-unit protein and its affinity sorbent, the concomitant 
dissociation of its subunits may result in its inactivation. Such problems explain why 
affinity chromatography on immobilized antibodies is never used for the purification of 
oligomeric proteins. 

4. Regeneration phase: Before the next sample is applied, the column must be 
re-equilibrated with the binding buffer. When a competing component that binds to the 
ligand was added during elution, several steps with various eluent strengths may be 
necessary, and re-equilibration may take considerable time. 
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3.3 AFFINITY INTERACTIONS AT SOLID INTERFACES 


3.3.1 Immobilization of affinity ligands 


An affinity sorbent is produced by chemically coupling molecules — the so-called 
affinity ligands — to an inert solid support. Proteins possessing complementary binding 
sites for the affinity ligand will then be adsorbed onto the affinity sorbent. A major 
requirement in this immobilization process is that there be no change in either the 
biological recognition or the interaction strength. After approaching each other in solution, 
target proteins and ligands may freely rotate to align their complementary binding sites 
and to establish the affinity complex. This “free” affinity system is usually characterized in 
in vivo or in vitro experiments by its equilibrium constant and stability in different 
environments. The affinity constant, K,, is the reciprocal of Kp, the dissociation constant. 

Immobilization requires covalent attachment via at least one functional group of the 
ligand. Ideally, this does not affect the properties of the ligand and causes its binding site to 
be unconditionally accessible to the target protein. In practice, various scenarios are 
possible during immobilization, which undermine this concept. Thinking of a plain, rigid 
surface, we may visualize: 

(a) Spatial orientation of the immobilized ligand, which is statistical, with its binding 

site exposed in any direction, including the support surface. 

(b) The functional group employed for covalent fixation is part of the binding site, and 

this causes partial or complete loss of recognition (Fig. 3.1). 


active inactive 


Fig. 3.1. Immobilization effects: Covalent fixation via an important functional group of a small 
ligand (A on top) or at the binding site of a large ligands (bottom) may lead to a non-functional 
ligand. 
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(c) Immobilization causes partial or complete loss of biological activity of the ligand 

due to denaturation. 

(d) The density of immobilized ligands varies from batch to batch and may even vary 

in one batch at different sites of the support surface. 

Any of these events may combine, so that the percentage of accessible binding sites may 
decrease with increasing ligand density, simply due to reduced accessibility at higher 
ligand densities of those binding sites, oriented more toward the support surface than 
toward the mobile phase; the immobilized ligand is no longer able to rotate. This is 
particularly noticeable with large affinity ligands. Small affinity ligands are prone to a loss 
of binding strength, if an important functional group is modified by the chemical reaction 
or selective binding is completely lost due to false matrix orientation (Fig. 3.1). In this 
case, a different immobilization strategy must be chosen, utilizing another functional 
group of the ligand [10]. However, the ligand density may still be subject to variations, 
having clustered ligands besides a more diffuse arrangement on the support surface. This 
may cause a heterogenous distribution of surface energies as an expression of a varying 
selectivity [11]. 

Proper orientation of a ligand may be achieved through a sandwich affinity approach, 
common in enzyme-linked immunosorbent (ELISA) or radio-immuno- (RIA) assay and 
also known in affinity chromatography [12,13]. If the condition of opposite binding sites 
for immobilization of the ligand and binding of the target molecule is fulfilled, ligand 
accessibility may be close to 100% [14]. However, it must also be kept in mind that 
immobilization is reversible. At low binding strength this may lead to ligand detachment 
during chromatography [15] and, consequently, to contamination of the product with the 
affinity ligand. Any of those scenarios will disabuse us of the view of a perfectly 
immobilized ligand and should remind us that ligand immobilization may require several 
attempts to be successful. It also shows quite plainly that, to keep changes in the properties 
of the affinity sorbent at a minimum, immobilization procedures should never be varied. 
One may also state that the immobilization SOP (standard operation procedure) should be 
minutely followed — if available. 


3.3.2 Specific vs. non-specific interactions 


Clearly, all forms of chromatography involve the differential interaction of a solute 
with the mobile and stationary phases. These interactions are described by a “chemical 
affinity” between the molecules. A special recognition mechanism is not a necessary 
requirement for an affinity interaction and, consequently, a differentiation between specific 
and non-specific binding, as often used to characterize a stationary phase, is questionable 
and has been an object of contention. Yet, in the context of affinity interactions, specific 
binding is understood to originate from the interactions observed with the dissolved ligand 
and solute (recognition in the “free affinity system’’). Ideally, those interactions should be 
transferred to the immobilized affinity system without any change of recognition. Any 
unwanted binding, introduced by the immobilization process, is termed non-specific 
interaction. The latter may originate from the chromatographic matrix, the spacer, or the 
functional group employed for covalent binding of the ligand (Fig. 3.1). The binding 
strength of non-specific interactions, as described by an apparent equilibrium constant 
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from thermodynamic investigations, can be higher or lower than a specific interaction. 
Thus, non-specific interactions may originate from the dominating selectivity in a 
chromatographic process. 

However, non-specific binding may also originate from the ligand itself, for example, 
from the side-chains of amino acids and from charged or hydrophobic functional groups. 
These can be located anywhere on the ligand and may lead to binding of other molecules in 
the crude sample. Depending on the washing and elution conditions, these molecules may 
be eluted together with the target product. Another, mostly overlooked source of non- 
specific interactions is the target product. As it binds to the ligand, it gradually changes the 
characteristic of the stationary phase for newly arriving solutes. If the stationary phase has 
binding sites for other substances in the mixture, these interactions will lead to a more 
pronounced retention of these substances on the column; if the interactions are strong, they 
may even contaminate the target molecules [16,17]. This is particularly important when 
crude mixtures are used in a preparative purification, where the stationary-phase capacity 
is utilized as much as possible. 


3.3.3 Mono-specific ligands 


In principle, any of the molecules involved in biological recognition can be employed 
as an affinity ligand, and the corresponding affinity sorbent can be used to bind the 
complementary molecule. This is known from interactions between enzymes and their 
substrates and inhibitors, antibodies and antigens, and some special protein-binding 
families, such as the IGF/IGFBP (insulin-like growth factor/insulin-like growth-factor- 
binding protein) system [18]. Commonly, peptides or proteins are involved, and the 
corresponding interactions are strong and highly specific. Such protein/protein interactions 
are probably the most specific of all kinds of interactions that can be exploited for affinity 
chromatography [19-21] and are therefore very attractive, if one plans a one-step process 
for the purification of a target molecule from a complex mixture. Purification of proteins 
by this approach, especially on a larger scale, is limited to some well-characterized affinity 
systems, such as based on immunoglobulins or Protein A. The main problems stem from 
the fact that both the immobilized protein and the protein to be purified are subject to 
complicated unfolding and refolding processes, if harsh mobile-phase additives are 
required to dissociate the affinity complex. Due to the strong interactions, such elution 
conditions are not uncommon. Since unfolding is usually irreversible and changes the 
characteristic of an affinity sorbent, affinity systems in which the ligand is so affected are 
restricted to analytical applications; the sorbent may be used only once. 

Competing with such chromatographic affinity systems are typical analytical 
application, such as ELISA or RIA techniques, where only detection of a specifically 
bound protein is accomplished and at least one antibody is involved. The technique of 
using microtiter well-plates with immobilized affinity ligands in ligand-binding assays is 
less known, but relies on a similar principle. Since only the specific binding is of interest, 
such an approach has advantages over chromatographic processes, where elution is 
required for detection. Such ligand-binding assays are increasingly employed in the field 
of proteomics, where arrays of immobilized ligands are screened to investigate the 
complex regulations inside a cell [22]. Because it is necessary to elute the bound solute 
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from affinity columns, affinity systems employed in chromatography must be clearly 
differentiated from those in ELISA, RIA, or ligand-binding assays. 


3.3.4 Group-specific ligands 


Group-specific ligands, also termed general ligands, may bind a wide variety of 
proteins. For example, the co-factor NAD* binds NAD*-dependent dehydrogenases [23]. 
Naturally occurring group-specific ligands, such as Protein A [24] or heparin [25] as well 
as synthetic compounds, such as phenylboronic acid [26], triazine dyes [27], or 
immobilized metal ions [28] have found widespread application in affinity purification. 
Especially the synthetic compounds are often not classified as affinity sorbents, as they do 
not display selectivity for only one protein. However, they do display site-selective 
binding, based upon specific interactions with defined pockets or functional groups on 
protein surfaces. On the other hand, the transition to other general purification techniques, 
such as ion-exchange or hydrophobic interactions is undefined; the latter was termed an 
affinity technique for a long time. As the ligand interaction becomes more generalized, the 
binding of a particular protein in a protein mixture becomes less selective and the product 
becomes more contaminated. Yet, by combining selective elution techniques and 
optimizing the purification procedure, excellent results can be achieved, as exemplified by 
a 12,600-fold purification of bovine lens aldose reductase by means of dye-ligand 
chromatography [29]. Group specificity has a major advantage over mono-specificity, 
because such affinity sorbents can be synthesized on a larger scale and become 
commercially available; meanwhile many of these affinity sorbents are certified according 
to GMP (good manufacturing practice) guidelines, like the standard chromatographic 
packing materials used in industrial operations. 


3.3.5 Affinity tags 


Lately, various techniques have been employed to genetically engineer ligands, affinity 
tails, and eluting agents to improve the efficiency of affinity chromatography and to allow 
a more general use of some affinity sorbents for a broad spectrum of recombinant proteins. 
These techniques include various extensions of the target protein, such that the properties 
of the added tag facilitates identification and provides an opportunity for a one-step 
purification process of the fusion protein [30]. A variety of expression vectors with 
different tag sequences has been designed for fusion to almost any target protein that can 
be cloned and expressed in a microbial host [31,32]. The size of these tags can range from 
small peptides to complete proteins, which in some cases consist of several subunits and 
can be attached to either the N- or C-terminus of the target protein or to both (Table 3.1). 

Common tags include enzymes [33], peptides with protein-binding specificity [34-36], 
carbohydrate-binding proteins or domains [37,38], biotin-binding domains [39,40], 
antigenic epitopes [41], charged amino acids [42], poly(His) residues for binding to metal 
chelate supports [43,44] or a poly(acrylic acid) gel [45], and some short peptide chains 
composed of one amino acid, e.g., poly(Phe) [46]. Still newer affinity tags keep appearing, 
such as a choline-binding tag [47], a tag based on bis-arsenical fluorescein [48], 
streptavidin-binding RNA ligands (aptamers) [49], and metal-chelate-binding tags with a 
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TABLE 3.1 


COMMON AFFINITY TAGS 
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Type Size C- or N-terminal fusion References 
Proteins 

B-Galactosidase 116 kDa N,C [61] 
Glutathione-S-transferase 26 kDa N [33,62] 
Chloramphenicol acetyl transferase 24 kDa N [63] 

TrpE 27 kDa N [64] 
Calmodulin 17 kDa N [65,66] 
Polypeptides 

Z- and ZZ-domain of Protein A 14, 31 kDa N [35,36,67,68] 
Calmodulin-binding peptide 26 aa N [69,70] 
Carbohydrate-binding domains 

Maltose-binding protein 40 kDa N [38,71] 
Cellulose-binding protein 111 aa N [37,72] 
Biotin-binding domain 8 kDa N [39,40,73] 
Antigenic epitopes 

recA 144 aa Cc [74] 
FLAGJ 8 aa N [75] 

Poly amino acids 

Poly(Arg) 5-15 aa Cc [42,76] 
Poly(Glu) 6 aa N [77] 
Poly(Asp) 5-16 aa Cc [78] 
Poly(His) 1-9 aa N,C [79,80] 
Poly(Phe) ll aa N [46] 
Poly(Cys) 4 aa N [80] 


aa = amino acids. 


selectivity similar to His-tags, e.g., a natural poly(His) [50] and a peptide from H. pylori 
[51]. Affinity tags with carbohydrate specificity, such as a cellulose-binding domain or a 
chitin-binding domain, do not require special affinity sorbents, as they bind to cellulose or 
chitin chromatographic supports and utilize affordable purification methods [52]. 
Hydrophilic tags may improve the solubility of the target protein, as in the case of 
maltose-binding protein [53]. Usually, affinity tags are selected or optimized to allow mild 
elution conditions, such as salt elution or the addition of a competing molecule, such as 
imidazole or EDTA [54]. Also, specific competing peptides may be produced by a 
recombinant process to provide mild elution conditions [55]. 

A functional affinity tag requires correct folding, especially of a fused protein tag, and a 
location at an accessible site of the target protein. But these conditions are not always met, 
and some proteins may not be purified this way, even if a His-tag is employed, which 
allows purification in denatured condition [56,57]. Typically, the fusion partner is located 
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at the 5'-position of the gene, where a better translational initiation is ensured than at the 
3'-end. However, if an N-terminally fused tag is not accessible, due to crowding of peptide 
chains in its close neighborhood, positioning at the 3’-end should be envisaged, although in 
this configuration, expression yields may be more variable. High expression levels (up to 
40% of the total protein content is routinely reported for E. coli) can be achieved, even 
with short affinity tags [58,59], which do not display protective properties, as is often the 
case with fused host-specific proteins. Just as with untagged proteins, high expression 
levels often cause the formation of inclusion bodies, which need to be solubilized by 
denaturing agents. Some affinity ligands, e.g., IMAC (immobilized-metal affinity 
chromatography) sorbents, still work in the presence of 6 M urea, thus allowing on- 
column refolding of an adsorbed denatured His-tagged protein [57,60]. The His-tag has 
some other benefits, making it the most often used affinity tag today. Routinely, one-step 
affinity purification of target proteins is possible, achieving purities of >95% [81-83] — 
even > 98% purity has been reported [84] — in a single chromatographic step or in series 
with other chromatographic modes, such as ion exchange [85]. Protein recoveries are also 
high with this affinity chromatographic method, normally exceeding 70% [86,87] and 
sometimes attaining 95% [88]. The high selectivity of IMAC in combination with His-tags 
has been exploited for direct affinity adsorption from a cell homogenate by using 
expanded-bed technology, again yielding high purities and recoveries in one step [89,90]. 

If it is necessary to remove the affinity tag, specific cleavage sites can be engineered 
between tag and target protein (Table 3.2). After cleavage of the fusion tag, the mixture of 
target protein and cleaved tag can again be passed through the affinity column. In this 
“negative” chromatographic mode, the cleaved target protein freely passes through the 
column, and the tag as well as non-cleaved target proteins are removed by affinity 
adsorption. Chemical cleavage methods are rare, as their specificity is lower than that of 


TABLE 3.2 


EXAMPLES OF CLEAVAGE STRATEGIES FOR REMOVING AFFINITY TAGS 


Type of removal strategy Cleavage specificity” References 


Enzymatic cleavage 


Carboxypeptidase B R or K at C-terminus [93] 
Enterokinase X-D-D-D-K-|-X [94] 
Factor Xa X-I-E-G-R-|-X [95] 
Collagenase P-X-|-G-P-X-X [96] 
Thrombin X-G-V-R-G-P-R-|-X [97] 
Chemical cleavage 

Cyanogen bromide X-M-|-X [98] 
Hydroxylamine X-N-|-G-X [67] 


*“ One-letter code of amino acids, X = any amino acid, | indicates cleavage site. 
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the common enzymatic methods. For small proteins, devoid of methionine, the cyanogen 
bromide method seems to be appropriate [91,92,98]. Current cleavage procedures based 
on enzymatic cleavage are expensive and may produce additional amino acids at either 
end of the proteins and contaminate the preparation with protease. In addition to specific 
enzymatic cleavage at the designated cleavage site (cleavage rates up to 95% are reported) 
some non-specific cleavage always occurs at other sites, creating fragments of the target 
protein [99]. The efficiency of proteases may also be reduced by some adventitious 
substances, such as detergents used to promote the solubility of membrane proteins [100]. 
Some enzymes are more specific than others and do not produce additional amino acids, 
e.g., Factor Xa. Because this enzyme is expensive and available only from plasma, 
recombinant sources with engineered forms of this enzyme are being developed [101]. 
Post-cleavage removal of contaminating proteases can be achieved by introducing the 
affinity tag also into the proteolytic enzyme (without a cleavage site) [99], thus allowing 
simultaneous removal of the cleaved tag and the enzyme. Cleavage may also cause 
solubility problems in the case of proteins whose solubility is enhanced by the tag [53]. An 
interesting alternative to classical cleavage strategies is the incorporation of a modified 
intein, which is devoid of endonuclease activity [102], a so-called mini-intein [103-105], 
in the fusion system. For this, the target protein is localized at the N-terminus of the intein 
and the affinity tag at the C-terminus. This arrangement allows self-splicing of the target 
protein by the intein component of the fusion protein after induction by a thiol compound, 
e.g., 1,4-dithiothreitol or B-mercaptoethanol. Then there is also pH- or temperature- 
induced splicing [106,107]. After affinity binding of fusion proteins to the sorbent, elution 
of target proteins can be accomplished under cleavage conditions [108]. These systems 
seem very attractive because they are easily implemented, but close scrutiny of cleavage 
selectivities is still missing. 

Purification of therapeutic proteins requires additional procedures to remove fragments 
which may cause immunological reactions. Additional analytical procedures are also 
required to assure the absence of both the proteolytic enzyme employed for cleavage and 
any unwanted fragments having immunological potential. These are most properly the 
reasons why affinity tags are not widely used — if at all — industrially for the purification of 
therapeutics. An interesting strategy is to leave the tag on the therapeutic protein in order 
to improve its in vivo stability or to add a feature which improves the proteins delivery. 
This was shown in the case of a hydrophobic tag, which improved protein binding to an 
adjuvant [109], but such applications are rare in the accessible literature. In most cases, 
affinity tags are employed as analytical tools to follow expression levels of a recombinant 
protein, for which the tag may not be removed. The tag may also remain part of the target 
product for in vitro diagnostic tools or technical enzymes. In these cases, the affinity tag 
may interfere with protein functions [110,111]; interference with the structure of a protein 
must also be considered when crystallographic properties are investigated [112]. However, 
functional loss may occur at only one terminal site [113,114], so that the other site may be 
employed for tagging. IMAC (Sec. 3.4.3.3) also provides an opportunity for reversible 
immobilization of an enzyme as a diagnostic tool through binding of the tag to the affinity 
sorbent [115,116]. This immobilization process may also be employed to study affinity 
interactions via surface plasmon resonance [117]. A similar approach with histaminyl- 
purine residues has recently been used to purify DNA [118] by IMAC. 
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3.3.6 Size of the affinity ligand 


Experience with immobilized small ligands suggests that their performance is more 
sensitive with regard to the immobilization procedure, matrix composition, and type of 
spacer than with regard to high molecular mass. This is also true for ligands from 
combinatorial libraries, which belong to the smaller ligands. As the ligand is immobilized 
on a solid support with a finite surface area, the maximum ligand density, as measured in 
nmol/m? for rigid supports or nmol/mL for soft gels, depends on the size of the ligand. 
Therefore, an affinity support with a macromolecular ligand may have a ligand density of 
only a few nanomoles per square meter. Only if the size of the solute is smaller or at most 
equal than the ligand can there be a 1:1 interaction between them without interference by 
neighboring ligands. With increasing solute size, a 1:1 saturation of ligands with solutes 
cannot occur, as partial or complete coverage of ligands occurs in close vicinity to a bound 
solute. Complete coverage of several ligands can be observed particularly with small 
affinity ligands, such as those used in dye-ligand or metal-chelate affinity chromatography 
(Fig. 3.2) (Sec. 3.4.3). As indicated above, binding of a solute is caused by electrostatic, 
hydrophobic, or some other, special interaction, and this interaction itself is not specific. 
Therefore, coverage of unused ligands, as shown in Fig. 3.2, induces non-specific 
interactions, their extent being related to the ligand. For example, dye ligands are 
composed of anionic and cationic functional groups (depending on the pH), giving rise to 
non-specific ionic interactions at the low ionic strengths commonly employed. A similar 
phenomenon was observed with IMAC sorbents, where a binding-site heterogeneity was 
linked to the adsorption thermodynamics of different proteins [11,119,120]. One could 
consider reducing the ligand density with small ligands. For example, it may be useful to 
limit the coverage to 50-100 nmol/m?, in order to avoid a large extent of non-specific 
binding. However, sorbents with low ligand densities tend to be less retentive, so that 
protein adsorption may no longer be possible. This phenomenon may be related to the 
number of available sites for binding during the very slow migration of the solute through 
the column while it is being loaded, provided that an equilibrium exists. The other extreme 
is that very strong elution conditions may be required at high ligand densities [121]. With 
dyes, it is generally accepted that non-specific binding sites contribute largely to the 
retention, and thus it is meaningful to reduce the ligand density. 


Fig. 3.2. Extent of coverage of a small ligand after binding a large protein through a single affinity 
bond. 
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If solutes with multiple binding sites exist, e.g., multi-meric proteins, multi-valent 
binding can occur. This phenomenon is most prominent with small ligands, and it has been 
studied closely by several authors [122,123]. It generally gives rise to very strong 
interactions, as multiple binding of one solute raises the interaction strength [124]. 
However, in other cases, a limited ligand density may occur inadvertently. Especially, 
when low-molecular-weight ligands are used, the limitations on surface coverage are not 
only steric. For example, when a highly charged ligand is immobilized in a solution of low 
ionic strength, the ligand surface density may be controlled by Donnan exclusion. This is 
particularly known for dye-affinity sorbents, and therefore a high ionic strength is 
recommended to optimize ligand density [125]. One further difference exists between large 
and small ligands, which also depends on the ligand density. If the binding site of large 
affinity ligands is not optimally oriented, large ligand densities may cause this site to be 
blocked by the neighboring ligand, causing some decrease in relative ligand accessibility. 
This is often observed in immunoaffinity systems [126]. Clearly, no general advice for 
small or large affinity ligands can be given. The user must be prepared to tackle problems, 
such as low binding strength or low accessibility or the need for strong elution conditions. 


3.3.7 Thermodynamics and kinetics 


Thermodynamic investigations provide answers regarding specific and non-specific 
interactions and the heterogeneity of ligand densities. Although such an investigation is 
quite time-consuming and sometimes costly, it can be used to optimize ligand 
accessibility, the matrix, and immobilization. For adsorption of a protein on a packed- 
bed affinity column, the affinity constant, K,, for the interaction must, for most practical 
purposes, exceed or equal 10° or 10° M ~!. If a very short packed bed or a single sheet of 
an affinity membrane is used, K, should exceed 10°M~! [14]. If K, < 10° M ~!, there 
will also be some retardation, provided the ligand density is reasonable. With very weak 
affinity ligands (K4 < 10° M ~') isocratic elution chromatography can be useful [6]. It is 
sometimes impossible to use interactions at K, > 10!° M ~', as the conditions required to 
dissociate the affinity complex may unfold the protein. 

By comparing experimentally derived equilibrium adsorption isotherms with the shape 
of isotherms calculated by different isotherm models, such as the monolayer or multilayer 
Langmuir model [127], protein/protein binding in multi-layers at high protein 
concentrations can be found with certain buffers. Also, high-affinity and low-affinity 
binding sites may be clearly distinguished, if the isotherm fits to a bi-Langmuir model, 
such as in the case of endotoxin-selective sorbents [128]. The data may be obtained from 
either batch experiments or from frontal analysis [129]. Both methods yield apparent 
equilibrium constants and a maximum binding capacity. These parameters may be used 
further to mathematically describe and model an affinity system [130,131]. Bergold et al. 
[132] have crudely modeled the effect of specific and non-specific interactions of the 
solute with the affinity stationary phase on the retention factor. They stated that even a 
small non-specific contribution to the binding free energy of ca. 10% can have a major 
effect on the capacity factor, although a test solute would appear to be completely 
unretained if non-specific interactions would be the sole interactions. Hence, the lack of 
retention of test solutes cannot be used as an indicator of the absence of non-specific 
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interactions for a species that does not bind. In affinity chromatography, slow chemical 
equilibria in binding and desorption are often observed. In the case of non-specific elution 
conditions, such as a pH shift or the addition of a chaotropic agent, the kinetics of the 
chemical dissociation of a solute from a ligand tend to be so fast that band-broadening is 
dominated by mass-transport and flow-dispersion processes. However, when specific 
elution techniques, such as a competitive ligand or a competitive solute, are used, the rate- 
limiting step is often the chemical desorption. Slow chemical desorption leads to excessive 
tailing. 

The complex adsorption and desorption process may be better understood in terms of 
the multi-dimensional nature of the affinity process. In order to transiently retain a solute at 
an immobilized ligand, only a favorable orientation will work. During the approach, 
orientation of the proper site must occur in order to achieve a fit. Since not all contacts of 
solutes with the surface will fulfill this prerequisite, several re-orientation steps may be 
necessary before they achieve an orientation favorable for adsorption. When ligand 
densities are high or non-specific binding with the chromatographic support is possible, 
other sites or chemical functionalities become favorably oriented, and a concerted multi- 
point adsorption results — perhaps also with neighboring adsorbed solutes — due to 
protein/protein interaction. During desorption, all of these interactions must be 
simultaneously disrupted in order for the solute to be released from the surface. Using 
soft chromatographic supports with large particle size, slower flow-rates and larger 
particle sizes cause mass transport to be the chief factor in broadening, and reaction 
rates are often immaterial. However, when HPLC monoliths, perfusion columns, or 
micro-filtration membrane are used as supports, these chemical reaction rates are often 
limiting [133-136]. That does not mean that all affinity separations are reaction-rate- 
limited. Dye systems often produce sharp elution profiles for proteins, as can be seen best 
in affinity membrane chromatography [137]. In cases of slow dissociation, it may be best 
to use a modified ligand that has a lower intrinsic adsorption constant and to adjust 
mobile-phase conditions so as to simultaneously reduce all types of interactions. The 
concanavalin A affinity ligand is well characterized with respect to the reaction kinetics 
[138-140]. Due to the slow dissociation kinetics, stopped-flow and pulsed-elution 
techniques have been proposed to enhance peak profiles [141]. This way, the mobile 
phase in the column is quickly replaced by the elution buffer, and the flow is stopped 
for several minutes. After several minutes of desorption, the flow is started again and 
the product can be eluted in a relatively small volume. 


3.3.8 Matrix effects 


As in other modes of chromatography, the quality of affinity chromatography is 
directly related to the quality of the packing media. It depends on their mechanical 
stability, flow properties, and a well-defined, uniform structure. Prior to ligand 
attachment, the matrix should be as inert as possible to minimize non-specific binding. 
Other desirable features include physical and chemical integrity and short diffusion 
paths. Because it is difficult to satisfy all of these requirements, priority is likely to be 
given to capacity, robustness, and throughput. Therefore, inexpensive and robust 
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matrices, such as agarose, cellulose, and synthetic media may be considered [142]. Any 
affinity sorbent intended for process application must show not only stability of the 
matrix as well as the ligand and stable linkage under all process conditions, but also 
target-specificity and reproducibility [143]. In cases where reaction kinetics do not 
dominate the desorption process, the use of small chromatographic particles, common in 
HPLC, or of perfusive or monolithic supports will result in more efficient mass transport 
properties, as would be expected from general considerations of mass transport in porous 
supports. High-performance supports may also be used to quickly investigate the affinity 
properties of various ligands in the course of method development [144]. It must be kept 
in mind that the surface of these matrices may add interactions, such as the ion-exchange 
properties of the silanol groups in silica gel, which can be effective over a certain 
distance (even behind a small affinity ligand). Those non-specific interactions may need 
to be counterbalanced by the composition of the mobile phase, which, however, may 
affect the strength of the affinity interaction. 

Some matrices lack a flat surface where the ligands can be anchored via a spacer, 
while in others the surface area available for binding is rather low. In order to increase 
the protein-binding capacity, polymers are immobilized in a first step, and then the 
ligands are immobilized in the polymer network (Fig. 3.3). With small ligands, a linear 
increase in the apparent association constant with ligand density is often observed [145], 
and the binding capacity may be also increased, as is expected [146]. However, large 


Fig. 3.3. Effect of a polymer network (coating): With a small ligand a higher binding capacity can 
often be achieved in a network (left), whereas a large ligand may not be accessible (right). 
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protein ligands, such as Protein A, may be interlocked through multiple covalent bonds 
in such a network, so that the binding of a solute may be strongly hindered [147]. 


3.4 AFFINITY LIGANDS 


Countless affinity ligands are now being used in affinity chromatography, and there is 
no need to discuss all of them. However, some types of affinity ligands are more 
commonly employed and commercially available. Their development and, especially, 
their use in analytical and preparative applications will be reviewed here. 


3.4.1 Biochemical interactions 
3.4.1.1 Protein A 


The most common laboratory and industrial application of affinity chromatography is 
the isolation of monoclonal antibodies. Classically, antibodies are isolated from ascites 
fluid, mammalian cells and, more recently, from animal and plant transgenic sources. The 
proteins are bound by immobilized Protein A, a protein obtained from Staphylococcus 
aureus which recognizes the Fc region of immunoglobulin G (IgG) in man and some other 
species. Protein A affinity chromatography can be employed on a large scale for the 
industrial purification of IgGs [148]. A recombinant Protein A has been engineered for 
greater binding specificity and is the most commonly used ligand. However, it cannot be 
used to recover all immunoglobulin sub-classes from blood plasma; e.g., human IgG, 
binds to Protein A, but IgG; does not. Binding of murine IgG, is weak at neutral pH [149]; 
selective binding requires alkaline conditions and high ionic strength, ie., 0.1M 
glycine + 1 M NaCl (pH 8.9) [150]. 

A streptococcal Protein G was developed as affinity ligand to complement the 
selectivity for other IgG subclasses and additional species [151,152]. As the native protein 
also shows strong albumin binding, recombinant mono-functional forms are available, 
which show either albumin- or IgG-binding properties [144]. A Protein G with enhanced 
alkaline stability was introduced recently [153]. Some other bacterial cell-wall proteins 
may also find wider applications, e.g., Protein L [154], which binds to the kappa light- 
chain region of IgGs, and Protein LG, a fusion protein containing binding domains from 
Proteins L and G [155]. 

As with other protein ligands, leakage from columns is considered a problem, as is the 
long-term stability under alternating pH (>pH 9 for binding, <pH 4 for elution) and 
cleaning-in-place conditions. Protein A sorbents can be very stable under normal 
operating conditions, though exceptions were also found [156]. They are stable in 
applications of chaotropic agents, such as 6 M guanidinium chloride, and show no loss of 
capacity [157]. Alkaline conditions (0.1 or 1 M NaOH) quickly destroy the affinity ligand 
[127], as would be expected from the action of hydroxide ions on peptide bonds; 
however, contrary results are also reported [158]. Therefore, when they are used on a 
production scale, a sensitive analytical technique should be applied to trace even minute 
amounts of a leaked ligand [159]. Protein G sorbents showed an increased affinity toward 
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IgG when alkaline conditions were employed as regeneration method, and this made 
elution of IgG difficult [160]. Use of a combination of urea and acetic acid was suggested 
to ensure efficient cleaning in the large-scale purification of a pharmaceutical 
monoclonal antibody. 

Particularly in the case of the Protein A ligand, the user can choose among various 
sorbents, providing different performance and applicability to special applications [161], 
such as expanded-bed adsorption [162,163] or high-flow-rate applications with the use of 
superporous agarose with convective pores [164]. Protein A sorbents have also been used 
for quantifying polyclonal and monoclonal antibodies in 3-min analyses [165]; stability 
was increased when microbial growth was inhibited by overnight treatment with 
methanol. Protein A sorbents can also be employed for oriented immobilization of IgG, 
which, after further cross-linking of the affinity complex, can be used to isolate antigens 
from crude mixtures [166]. 


3.4.1.2 Heparin 


Heparin is a negatively charged glycosaminoglycan of variable molecular mass (6000 
to 20,000, depending on the preparation) containing carboxylic and sulfonic acid groups. 
It has long been used in affinity chromatography with varying success regarding the 
stability of affinity sorbents and the accessibility of the ligand. Despite a rigid chemical 
structure, some affinity sorbents are not stable under relatively mild cleaning-in-place 
conditions (0.1 M NaOH) [167]. Some stability problems may be ascribed to the 
heterogeneous composition of some heparin preparations, containing even protein 
constituents [168]. Also, the number of immobilization procedures employed proves the 
pitfalls of trial-and-error [169]. Yet, heparin preparations have been improved and so 
have heparin-based sorbents, as demonstrated with a HyperD-based matrix [170]. Aside 
from a countless number of applications to the purification of growth factors, such as 
fibroblast growth factor [170,171], chemokines [172], and coagulation proteins, such as 
thrombin [173], the use of heparin sorbents can be seen as an important development in 
the analytical and preparative techniques for lipases, phospholipases, and kinases [174]. 
It has also been employed for the purification of viruses, such as foot-and-mouth disease 
virus [175]. Due to the strongly negative charge of heparin, non-specific ionic 
interactions with positively charged by-products may be observed, if the target protein 
requires low ionic strength for binding. At intermediate ionic strength, interactions can 
be very selective, and effective purification methods have been developed [176]. 
However, when the selectivity is low, a cationic exchanger should be considered instead. 


3.4.1.3 Lectins 


Lectins are glycoproteins, used mainly for the structural determination of oligosac- 
charides [177-179] (Chap. 18). Recently, they have also found application in proteomics 
[180]. Several reviews have been published on the properties of lectins [181,182]. The 
most prominent lectin is concanavalin A, which is available commercially. It has been 
used, among many other applications, for the isolation of Protein C [183], 
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lipophosphoglycans [184], and for the immobilization of sub-mitochondrial particles 
[185]. Compared to other affinity ligands, lectins show generally weaker interactions, 
which are less dependent on ionic charges. As a consequence, adsorption and desorption 
kinetics may be slow and may demand special chromatographic conditions, such as 
stopped-flow techniques. This effect is well known for concanavalin A, where it was 
closely examined [141]. 


3.4.2 Immuno-affinity ligands 


Affinity ligands based on monoclonal antibodies are, in addition to polyclonal 
antibodies, indispensable in such analytical techniques as ELISA and RIA. The binding 
strength of antigen/antibody interactions is typically very high (Kp < 10° '' M), but 
antibodies with lower affinities are preferable for the purification of proteins, since strong 
binding interactions may require very stringent elution conditions, such as pH 2-3, urea, 
guanidine-HCl [8,186], or alkaline conditions [187], often accompanied by denaturation 
of the antigen [188]. An affinity of antibodies with a Kp of 10-7 to 10-8 Mis sufficient for 
the isolation of antigens, even from crude extracts. At the same time, elution is 
considerably facilitated [189]. 

Immuno-affinity ligands have been used successfully in the purification of enzymes of 
the blood clotting cascade, such as Protein C [190,191], Factor IX, and Factor X [126,192]. 
Because the concentrations of these proteins in human blood plasma are low relative to 
other proteins, highly selective binding and high concentrating factors are required and can 
be obtained by this chromatographic method [192]. Immuno-affinity chromatography can 
also be used as an analytical method and compares favorably with ELISA and RIA with 
regard to speed and sensitivity [193,194]. Antibodies with very low affinity find 
application in the field of weak-affinity chromatography [6,195]. Binding strength in the 
millimolar range of Kp allows isocratic elution of low-molecular-weight compounds, such 
as various saccharides. In view of the weak retention, HPLC supports are recommended in 
order to reduce the peak-width and to improve the efficiency of this method. 


3.4.3 Synthetic ligands 


Synthetic ligands have significant advantages over ligands derived from natural 
products because of their relatively low cost and their robustness in industrial 
chromatographic process cycles, which include sterilization and sanitation steps. These 
ligands provide the additional advantage that they are not derived from intact animal, 
human or cell culture sources, which may be contaminated with an infectious particle or 
protein. In the wake of the concerns about transmissible diseases, traceability of such 
materials has become an industry requirement, enforced by the regulatory agencies. 


3.4.3.1 Dye ligands 


Dye-ligand affinity chromatography, also called biomimetic chromatography, was 
developed in the 1970s following the discovery that certain reactive textile dyes act like 
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analogs of adenylate-containing co-factors and bind to the active sites of many proteins 
(Table 3.3). Screening of the many textile dyes available (e.g., the Cibacron series from 
Ciba-Geigy, Procion series from ICI, and Remazol series from Hoechst) and some 
empirical ligand development [196] resulted in the introduction of many dyes into 
preparative fractionation procedures [197-199] and into the purification of HSA [200]. 
Spectroscopic techniques, including UV/visible, FTIR, NMR, ESR, and CD, have been 
utilized to scrutinize dye/protein interactions, the existence of competitive ligands (e.g., 
substrates and coenzymes) and perturbing solutes (e.g., salts and organic solvents) 
[201-204]. These studies revealed that interacting functional groups of dyes and enzymes 
must be at defined positions, and interactions are a mixture of electrostatic and 
hydrophobic forces at discrete sites of enzymes [205]. 

In the past, dye leakage and the often quite heterogeneous chemical composition of 
the dyes was a lasting problem and led to setbacks, particularly in preparative 
applications [206,207]. It seemed to be the cause of low apparent ligand accessibility of 
dye adsorbents [208]. Toxicity studies were carried out to account for the leaked dye 
[209]. However, these problems did not arise from the dye molecules but from weak 
covalent linkages at the chromatographic matrix and the heterogeneous composition of 
dye batches, as these dyes were intended for use in the textile industry rather than for the 
purification of pharmaceuticals. A large number of reactive dyes also bind to unrelated 
proteins (Table 3.3). Since most recorded examples of dye ligand chromatography 
required low ionic strength for adsorption [222,223], non-specific ionic or hydrophobic 
binding seemed common. These findings led to the designation of dye-ligand affinity 
chromatography as pseudo-affinity chromatography [224]. It is often considered to be 
at the fringe of what can be termed affinity chromatography [129]. Yet, it may be a 
problem of definition, as some pseudo-affinity sorbents show quite a high selectivity, as 


TABLE 3.3 


DYE-LIGAND AFFINITY SYSTEMS 


Protein Source Immobilized ligand References 
Lactate dehydrogenase Rabbit muscle Procion Red [27,210] 
Malate dehydrogenase Rat liver/heart Cibacron Blue F3GA [211] 
Rhodopseudomonas sp. _ Procion Red H-3B (212] 
Glucose-6-P dehydrogenase Yeast Procion Red H8BN [213] 
Fructokinase Zymomonas mobilis Procion Yellow MX-GR [214] 
Aldehyde reductase Rat liver Procion Red HE-3B [215] 
Albumin Human/bovine serum Cibacron Blue F3GA [216,217] 
Polyclonal antibodies Rabbit antiserum Cibacron Blue F3GA [218] 
Enterotoxins Staphylococcus aureus Procion Red HE-3B [219] 
Plasminogen Human serum Procion Red HE-3B [220] 
Interferon Human fibroblasts Cibacron Blue F3GA [221] 
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exemplified in the purification of penicillin acylase [225]. Anyhow, on the basis of the 
discrete interactions observed with textile dyes, new ligand variants were introduced 
[226]. These biomimetic dyes are specifically designed to mimic bioaffinity interactions, 
and they are claimed to show superior salt tolerance and alkaline stability [227-229]. 
They are applied mainly to enzymes, such as trypsin-like proteases [230] or glutathione- 
recognizing enzymes [231]. A major application may be seen in the purification of rHSA, 
as expressed in Pichia pastoris [232]. Because these ligands are compatible with CIP 
(cleaning-in-place) treatments, they have significant potential for capture. Reproducible 
use over many purification cycles is anticipated [233]. However, since the biomimetic 
ligand is specific for the target protein and must be redesigned for a different product, 
ligand development and validation requirements could restrict industrial use. 


3.4.3.2 Phenylboronic acid 


Cyclic complexes of cis-diols with boronic acid, displaying pK values of ca. 8.9, have 
been considered as affinity systems [234]. Since boronic acid cannot be incorporated into a 
matrix without losing its complexing abilities, meta-aminophenylboronic acid (PBA) is 
employed, which displays characteristics similar to boronic acid [235,236]. The 
phenylboronic acid/diol complex is relatively stable above pH 8, displaying retention 
factors between 1 and 20 for carbohydrate monomers [237]. Lower pK values of the 
complex are observed if pyrimidine or purine bases are integrated into the sugar, as in 
nucleosides and nucleotides, resulting in better stabilization of the complex and, 
consequently, higher retention factors. Proteins containing sugar side-chains with cis-diol 
groups can be purified like lectins [238]. If additional nitro groups are introduced into the 
phenyl ring of PBA, complexes are obtained which are stable at pH 6—7 and are especially 
practical for isolating highly pH-sensitive glycoprotein hormones [239,240]. 

Silica-immobilized PBA was employed for the quantitative determination of nucleo- 
sides in biological fluids [241]. A similar method was reported for the pre-fractionation of 
catecholamines from urine samples [242]. The isolation of RNA from DNA [243] as well 
as the separation of various oligoribonucleotides was described by several authors [244, 
245]. Elution can be enforced by lowering the pH to 5 or 3. This dissociates the complex, 
freeing the bound molecule. However, in the isolation of glycoprotein hormones, care 
must be taken in applying such low pH conditions, since dissociation into subunits may 
occur. The major use of PBA sorbents is in diagnostic kits for the quantitation of 
glycosylated hemoglobins. 


3.4.3.3 Immobilized metal ions 


Immobilized metal-ion affinity chromatography (IMAC) — or metal chelate affinity 
(MCA), as it was named in the pioneering work by Porath et al. [246], or metal chelate 
interaction chromatography (MCIC), as named by El Rassi and Horvath [247] — was 
developed as a broad-spectrum adsorption method for proteins carrying accessible histidine 
residues at their surface [248]. IMAC is regarded as a special case of ligand-exchange 
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chromatography (LEC), which was introduced by Helferich [249] for the separation of 
small molecules, such as amino acids [250] under isocratic conditions. Contrary to LEC, 
where the metal ion (usually Cu?*) is bound weakly, incorporation of the metal ion into a 
metal chelator leads to very strong binding [251]. Especially transition metal ions, such as 
Cu? or Ni**, exhibit electron configurations creating very stable metal chelates. 
Traditionally iminodiacetic acid (IDA) is employed as immobilized-metal chelator in 
IMAC. Sorbents are commercially available from several manufacturers. The metal ion can 
be chosen as required; it is bound to the immobilized-metal chelator before the 
chromatographic process is started, in order to bring the metal-ion affinity sorbent into 
working conditions. The binding strength of proteins to such sorbents increases with the 
amount and spatial location of histidyl residues in the secondary structure, and it decreases 
in the order Cu** > Ni** > Co** ~ Zn** [54,248,252,253]. The binding constant of an 
average protein with a single histidyl residue has been determined to be 
K,=4.5 xX 10°M oo which is in agreement with data obtained for Cu?t-IDA and 
histidine derivatives [254]. However, apparent binding constants are several orders of 
magnitudes higher and reflect the large number of potential binding sites at moderate to high 
ligand densities of this relatively small ligand [14,146]. 

For selective binding, buffers of pH 5—8 with added 0.5—1.0 M NaCl should be used to 
suppress ionic interactions, but, to avoid “bleeding” of metal ions, chelating buffers, based 
on Tris or imidazole, should not be used. Elution is accomplished at pH 3-4, leading to 
destabilization of the chelate. Competing substrates, such as 20 mM imidazole or up to 
1 M ammonium chloride is recommended for elution at neutral pH. Proteins which cannot 
be eluted under these conditions, e.g., those tagged with the poly(His) tail (Sec. 3.3.5), 
may be desorbed at very high imidazole concentrations or with 50 mM EDTA (a stronger 
chelator) + 0.5 M NaCl (to disrupt ionic binding) at pH 6—7. Non-linear elution methods 
are also described, with imidazole [255] and poly(His) displacers [256]. Divalent metal 
ions and chelating agents in the feedstock may affect adsorption. Metal leaching can be a 
problem, and removal of eluting agents may be required before further processing. Some 
proteins with high affinity binding sites may strip the metal ion off the chelate and will not 
be retained unless a second, “normal” binding site exists, a process called metal-ion 
transfer [54]. IMAC has become one of the most popular separation techniques, rivaling 
such techniques as ion-exchange and hydrophobic-interaction chromatography. Large- 
scale applications have been published, such as the application to serum albumin [257, 
258], and it is a promising approach to the isolation of the anticoagulant Protein C [259]. 
IMAC is a very powerful method, because very high selectivity can be obtained using 
histidine tags [43,260]. It allows one-step purification on small columns or with affinity 
membranes on an analytical scale. 

Incorporation of Fe** into immobilized IDA chelators allows the separation of 
phosphorylated from dephosphorylated proteins [261,262]. The adsorption mechanism is 
based on the interaction of phosphorus with Fe** ions. Proteins with binding sites for 
iron may also be purified with immobilized Fe** [263]. In addition to IDA, several 
other chelators have been introduced in the search for alternative binding mechanisms, 
e.g., through “hard” metal ions (according to the Pearson classification). While the 
versatility of IMAC is its most appealing feature for developers, it means significant 
complexity for the ordinary user. At present, IDA, nitrilotriacetic acid (NTA), 
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carboxymethylated aspartic acid (CM-Asp), and triscarboxymethyl ethylenediamine 
(TED) are available commercially; a more detailed description can be found in the 
literature [43,264,265]. A number of other chelating ligands [266-270] have also been 
used successfully for the separation of proteins. While these ligands introduce additional 
selectivity and could be better suited for immobilizing particular types of metal ions, such 
as Fe**, they are not commercially available. 


3.4.4 Combinatorial libraries 


Increased access to protein structural data, computer-aided molecular design, and novel 
combinatorial techniques and molecular modeling have assisted the design of new 
synthetic ligands. These ligands are often seen to open new avenues for the development 
of more efficient, less expensive and safer procedures for product purification at the 
industrial level; one separate, but very important aspect is the patent situation. According 
to their developers, synthetic affinity ligands are ideally suited for the purification of high- 
value therapeutic proteins. Unfortunately, little can be learned from a user about success 
and failure of such a ligand with respect to selectivity and efficiency for a particular 
product, after the sorbent has crossed the company border. Therefore, success is bound to 
the length of time a “new” ligand is referred to in the literature. Monoclonal antibodies are 
prime targets for these new ligands, as these proteins are becoming an important class of 
therapeutic agents; many of them are waiting for FDA approval. As these proteins do not 
act like hormones and are produced at relatively low titers by cell culture technologies, 
large masses must be purified from dilute, crude mixtures. There is still no solution to how 
this purification problem can be managed at low cost. 

The tetrameric peptide TG19318 was identified after screening a multimeric library 
[271] and synthesized by solid-phase chemistry, for immunoglobulin affinity. The same 
adsorption and elution conditions can be employed for IgG as for Protein A sorbents. 
However, in contrast to Protein A sorbents, TG19318 affinity sorbents are not affected by 
the presence of denaturants, detergents, or other sanitizing reagents, and a reduction of 
10-30% capacity after sterilization was ascribed to instability of the support rather than of 
the ligand [272]. This ligand purifies IgG from a wide variety of sources and also IgY from 
egg yolk [272], IgM [273], IgA [274], and IgE [275]. Results of a close examination 
demonstrated strong interactions with human IgM and rat IgG only, but weak interactions 
(K, > 10° M~') with human IgG [276]. As TG19318 is strongly positively charged, one 
must be aware of non-specific electrostatic interactions. Another example is a Protein A 
analog peptide with 12 amino acids, which was isolated from two phage libraries, using a 
combination of phage display and bio-informatics. The peptides were selected from 20 
peptide sequences, identified from two linear phage-display libraries, containing 3.4 X 10° 
initial sequences, by best affinity binding to a humanized antibody [277]. 

A mixture of defined and combinatorial chemical synthesis is another approach. The 
de novo design process is based on peptide templates, complementary to surface-exposed 
residues of target proteins and mimicking natural biological recognition. These ligands 
can even be tailored to the source to eliminate impurities specific to the source [278]. 
Based on a peptidal template of the dipeptide substrate of trypsin-like proteases, a ligand 
with high selectivity for kallikrein was designed [230]. A ligand designed to mimic a key 
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motif of Protein A was designed and used to purify IgG from human plasma, ascites fluid, 
and fetal calf serum [279]. This ligand and the corresponding sorbent were able to 
withstand incubation in 1 M NaOH [280]. Complementary functionality to the target 
residues was employed to design a ligand for the insulin precursor MI3 [280]. 
Furthermore, a mixed apolar/metal-chelating ligand was designed, which adsorbed 
clotting Factor VII in a Ca**-dependent manner [281]. Another example of using a peptide 
library is exemplified by the large-scale fibrinogen purification [282]. The blood 
coagulation Factor VIII was purified by using special monoliths with peptides from a 
combinatorial library [283]. These examples prove that the future is apparently wide open 
for new affinity sorbents with ligands derived from combinatorial libraries. 


3.4.5 Purification schemes 


Use of recombinant microbial and animal cell-culture technologies for the production 
of highly effective pharmaceuticals requires a product which is free of bacterial DNA, 
endotoxins from Gram-negative bacteria, and other contaminants and impurities, such as 
proteolytic enzymes and viruses. Technologies that allow products to be purified in only a 
few steps will reduce their overall costs dramatically. The high purification factors 
frequently obtained by affinity chromatography recommend their use as one of the first 
steps in the purification sequence, possibly before separation of cell debris, as is 
demonstrated by the expanded-bed adsorption technique [284,285]. With this technique, 
expenses for centrifuges and filtration units can be largely eliminated. Furthermore, losses 
of enzymatic activity and overall recovery, which are frequently observed in multi-step 
processes due to proteolysis and non-specific adsorption, could be further minimized. 
Despite problems which can be ascribed to cell interactions, affinity ligands have been 
shown to serve with success, e.g., Protein A in the direct affinity adsorption of IgG from 
cell culture supernatants [286,287], the dye ligand Procion Red HE3B in the isolation of 
recombinant formate dehydrogenase from E. coli [288], and a chelating ligand in the 
isolation of alcohol dehydrogenase from yeast [289]. However, there are also reasons for 
using chromatographic processes in purification schemes as late as possible. The risk of 
clogging of the column packing material by agglomerated or precipitated proteins from 
crude extracts is considerable. This is observed especially in large-scale processes and 
leads to reduced capacities and lifetimes of columns. Moreover, crude extracts may 
contain proteins that rapidly overload the column or complex with the proteins of interest 
to prevent their interactions with the sorbent. Generally, it is not necessarily the ligand 
with the highest purification factor that ought to be employed. Especially in large-scale 
purification schemes for pharmaceutical products, the stability of the affinity sorbent is a 
much more important factor, because appreciable amounts of the ligand or parts of it 
cannot be tolerated in the final product. 


3.5 SUMMARY 


Among the classical techniques for protein purification, affinity chromatography allows 
a several-fold purification from dilute preparations in a single step. At this time, the user 
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can choose among a large variety of sorbents with different affinity ligands for almost any 
protein purification problem. However, we must clearly distinguish between applications 
in laboratory experiments and on an industrial scale. Whereas no restrictions apply in 
laboratory applications as to the type of ligand, its stability, or its origin, industrial 
applications require validated and certified affinity sorbents which are robust under 
process conditions, including cleaning-in-place. Future developments will concentrate on 
highly selective affinity ligands, tailored for a particular application, which are suitable for 
the elimination of by-products. For industrial applications, especially in the pharmaceu- 
tical sector, validation will be a problem, but one that can be solved during product 
development. Thus, the future seems bright for affinity sorbents based on synthetic 
ligands, whatever their chemical structure will be, as long as they are stable under 
industrial operating conditions. 
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4.1 INTRODUCTION 


Ion chromatography (IC) refers to the trace analysis of ions on low-capacity high- 
efficiency columns, possessing fixed ion-exchange sites. Most commonly, these columns 
are teamed with suppressed-conductivity detection to yield parts-per-billion limits of 
detection (LOD) of the seven common inorganic anions (F , Cl , NOz, Br , NO;, 
HPO? , and SO7) and, to a lesser extent, carboxylic acids, as well as the six common 
cations (Lit, Na*, NH7, K™, Mg"", and Ca’) and small amines. This chapter will focus 
on the fundamental and instrumental aspects of such analyses. Classical high-capacity ion- 
exchange resins (e.g., Dowex) will not be discussed. 

Ion chromatography had its beginnings in the seminal works of Hamish Small and co- 
workers in 1975 [1] and Gjerde et al., in 1979 [2]. These papers demonstrated that 
conductivity could be used as a sensitive and universal on-line detector for ions. Low- 
capacity ion-exchange columns allowed dilute ionic solutions to be used as the eluent. 
These eluents possess a sufficiently low conductivity background that the conductivity of 
the analyte ions can be monitored directly [2]. This approach is generally referred to as 
non-suppressed IC. Alternately, the eluent can be dilute enough so that it can be converted 
to a neutral form after the separation. This approach is referred to as suppressed IC. Both 
suppressed and non-suppressed IC have demonstrated the ability to perform sensitive 
parts-per-million determinations of multiple ions in a few minutes. Since 1975, there have 
been steady developments and refinements in IC that have led to improved separation 
speed, detection limits, and ion selectivity. Currently, IC accounts for over $165 million of 
the $3 billion worldwide liquid-chromatography market, with over 2500 IC units sold in 
2002. Environmental and contract laboratories account for over a third of the IC users and 
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focus on the determination of anions in drinking water and wastewater, the chemical 
industry monitors inorganic anions, small amines, and carboxylates in process streams, the 
power utilities and the semiconductor industry determine trace ionic impurities in ultra- 
pure water, and the pharmaceutical companies determine small amines. 

This article is intended to give an overview of the fundamental principles and 
characteristics of IC and to introduce recent developments. For a more detailed discussion, 
the reader is referred to the key monograph in the field, Jon Chromatography: Principles 
and Applications [3]. 


4.2 INSTRUMENTATION 


4.2.1 General instrumentation 


A list of current IC instrumentation is available in a recent product review in Analytical 
Chemistry [4] (Chap. 12). An IC system differs from a HPLC system in several respects: 
Firstly, the entire flow-path (pump, injector, column, tubing, and detector cell) must be 
metal-free. Even Standard 304 and 316 stainless steel can release significant levels of 
metal contamination, particularly when corrosive eluents are used. Metal ions can alter the 
column retention characteristics, can poison the cation-exchange sites on the suppressor 
and can interfere with detection. As a consequence, IC systems are preferably made of 
polymeric materials. While early polymeric systems had pressure limits that were 
significantly inferior to contemporary HPLC systems, since the mid-1980s, IC systems 
have been constructed of polyether ether ketone (PEEK). PEEK is chemically extremely 
inert, flexible, inexpensive, and capable of withstanding high pressures, so that current IC 
systems are rated to > 4000 psi (28 MPa). 

Dedicated or process IC units typically use isocratic pumps, while higher-end IC 
systems can perform gradient elution. Hydroxide gradients can also be performed, using 
an isocratic pump and on-line hydroxide generation (Sec. 4.2.2.3). The flow-range of IC 
pumps mirrors that of modern microbore (2-mm-ID) or conventional (4.6-mm-ID) 
columns, but no capillary IC systems are commercially available. Pump pulsation is an 
important consideration with non-suppressed-conductivity or suppressed-conductivity 
detectors and CO3 /HCO; eluents, where the background conductivity is high, but is less 
important with OH eluents, particularly those generated on-line. Degassing modules are 
available, but they are not as common or as necessary as in RP-LC, because pure aqueous 
eluents are typically used in IC. IC injectors are constructed of PEEK. The typical 
injection volume is 20 wL, with 1-mL injections and pre-concentrator columns used for 
trace (sub-ppb) analysis (Sec. 4.4.1). Temperature control is recommended for 
maintaining retention-time reproducibility; it can significantly improve the baseline, and 
this is particularly important for trace analysis. 

IC stationary phases are low-capacity ion exchangers, typically 0.006—0.06 meq/mL. 
This is far below the 0.3—0.5 meq/mL of silica-based bonded-phase ion exchangers used 
for biochemical analysis or the 0.8—2.4 meq/mL of classical gel-type (polystyrene/ 
divinylbenzene) ion exchangers. The low ion-exchange capacity of IC columns allows 
dilute electrolyte eluents to be used, which can subsequently be monitored directly or 
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fully neutralized by the suppressor. Silica-based columns (e.g., Wydac) can be used in 
non-suppressed methods where neutral eluents, such as phthalate are used. However, the 
strongly alkaline nature of suppressed IC eluents precludes the use of silica-based 
columns. Thus, most suppressed-IC packings are made from polymeric materials, such as 
ethylvinylbenzene (Dionex), methacrylate (Dionex, Metrohm, Alltech), polyvinyl alcohol 
(Metrohm), and polystyrene (Metrohm, Alltech), and are either nonporous or macroporous 
(200 nm), with a diameter of 5—15 wm. Efficiencies are typically 4000-7000 plates. 
Separation selectivity is governed to a greater extent by the column and to a lesser extent 
by the eluent than in RP-LC. The effects of column and eluent on ion selectivity are 
discussed in Secs. 4.3.3 and 4.3.4, respectively. 


4.2.2 Eluent 
4.2.2.1 Brief description of ion exchange 


The primary equilibrium in ion chromatography is the ion-exchange displacement of an 
eluent ion, E, from the stationary or resin phase (denoted by the subscript r) by an analyte, 
A, initially in the mobile phase (denoted by the subscript m). For anion exchange of singly 
charged ions this equilibrium is 


An +E, = Em + A; (4.1) 


The charge of the eluent and analyte is balanced by cations (of the same charge as the 
exchange site on the ion exchanger) in the mobile phase. However, these cations play no 
role in the anion-exchange process, and so they are not generally shown. 


4.2.2.2 Common eluents 


As can be seen in Egn. 4.1, the eluent ion is necessary for the process of ion exchange 
and affects retention through its nature and concentration. (More will be said about this in 
Sec. 4.3.3) Further, the eluent should be the salt of a weak acid (pK, > 7) to benefit from 
suppression and should have adequate buffering capacity to ensure method robustness. 
The general order of eluent strength in anion exchange is 


OH” < BO; < HCO; < CO} (4.2) 


Hydroxide is the weakest eluent, although its relative eluent strength increases when the 
ion-exchange site on the stationary phase possesses alkanol functionalities (Sec. 4.3.4.4). 
Borate and HCO3 are also weak eluents, due to their monovalent charge. Carbonate is a 
powerful eluting ion. Indeed, CO} contamination of OH eluents originally made 
retention times with hydroxide eluents less reproducible. The advent of eluent generation 
(Sec. 4.2.2.3) has circumvented this problem. Commonly, HCO; and COz” are used 
together, as this provides a well-buffered eluent over the pH range 8-11, having an eluent 
strength that is easily varied by altering the ratio of the two anions. Currently, OH and 
HCO3/CO3~ are the most commonly used eluents in suppressed IC of anions, with an 
increasing trend towards OH , given its superior detection limits and linearity in 
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suppressed-conductivity detection and its enhanced convenience and reliability in on-line 
eluent generation. Aromatic carboxylic acid buffers are the most commonly used eluents for 
nonsuppressed IC. They have low equivalent conductances (A,_ , Eqn. 4.7), and so provide a 
low background conductivity. Further, the aromatic moiety is an excellent UV 
chromophore, and so aromatic carboxylates are ideal eluents for indirect photometric 
detection (Sec. 4.2.4.3). In practice, most anions are eluted effectively by an eluent with a 
—2 charge. Thus, o-phthalate (pK, ; = 2.95, pKa. = 5.41) near its second pK, is most 
commonly used. Eluents for nonsuppressed IC are prepared by dissolving the acid form of 
the eluent in water and adjusting the pH with LiOH. The lower conductance of Li* (Ag,, 
Eqn. 4.7) relative to Na‘ or K* yields areduced conductance background for nonsuppressed 
detection. The usual eluent ion for cation exchange is H*. The acid used can vary 
considerably (e.g., sulfuric acid, nitric acid, citric acid, tartaric acid), but the typical eluents 
for suppressed conductivity detection are sulfuric acid or methanesulfonic acid (MSA). 


4.2.2.3 Eluent generation 


There are many benefits in using OH as an eluent for suppressed IC. However, manual 
preparation of OH’ eluents for IC is not easy. They should be prepared daily from 
50% NaOH solution, which has a reduced CO3~ solubility. Commercial 50% NaOH 
solution contains 0.06—0.17 mol% CO” [6]. This CO” contributes to the background 
conductivity, causing substantial baseline shifts in gradient elution. Ionic impurities in 
commercial OH solutions further aggravate the challenges of using OH gradients. This 
is why, in suppressed IC, isocratic HCO3;/CO3 was the preferred eluent for the first 
20 years, despite the clear advantages of OH and gradient elution. 

In the early 1990s Dasgupta and co-workers [6,7] pioneered the on-line generation of 
hydroxide eluents by electrodialysis. A commercial automated Eluent Generation Module 
(EG40) for on-line generation of KOH or MSA eluents was introduced by Dionex in 
1997 [8]. A schematic diagram of the Eluent Generation Model for KOH production is 
shown in Fig. 4.1. It consists of a KOH generation chamber and a K* ion electrolyte 
reservoir. These are separated by a cation-exchange connector. To generate a KOH eluent, 
deionized water is pumped through the KOH generation chamber and a DC current is 
applied between the anode and cathode of the cartridge. Electrolysis of water occurs, 
generating Ht and OH_. The H™ ions generated at the anode are displaced by K* within 
the cation-exchange connector in essentially a reverse-suppression process. The K* from 
the electrolyte reservoir and the OH’ generated at the cathode produce KOH. The eluent 
then passes through on-line degassing tubing to eliminate the electrolysis gases. The 
concentration of the resultant KOH eluent is directly related to the electrical current and 
inversely proportional to the eluent flow-rate. At 1.0 mL/min, the EG40 can generate up to 
100 mM of KOH, and can operate at pressures up to 3000 psi (21 MPa). This eluent is 
carbonate-free and, thus, has a reduced background conductivity. Manually prepared 
NaOH exhibits a conductivity of 2—5 wS/cm after suppression, and this results in 
significant baseline drift during gradient elution, as is evident in Fig. 4.5. With on-line 
KOH generation, background conductivity is about 0.3 wS/cm after suppression [7,8]. 
For comparison, pure water has a conductivity of 0.06 wS/cm. This lower background 
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Fig. 4.1. Schematic diagram of electrodialytic on-line KOH eluent generator. Based on the Dionex 
Eluent Generation Model EG50. (Courtesy of Dionex Corporation.) 


conductivity allows gradient elution to be performed with minimal baseline shift. The 
eluent generator for cation-exchange chromatography also operates in an electrodialytic 
fashion. Distilled water is pumped into the device and electrolyzed to generate OH at the 
cathode. This OH displaces MSA” ions in the MSA electrolyte reservoir. The 
displaced ions migrate across the anion exchange into the MSA generation chamber to 
produce a MSA solution. The concentration of MSA is determined by the current applied 
to the MSA generator and the eluent flow-rate. Up to 100 meq/min can be generated, i.e., 
100 mM at 1.0 mL/min or 200 mM at 0.5 L/min. 


4.2.3 Suppressors 
4.2.3.1 Theory of suppression 


Suppression is a post-column reaction primarily designed to enhance the sensitivity of 
conductivity detection by reducing the background conductivity through neutralization of 
the eluent ion. If, e.g., a typical eluent anion, E , is the conjugate base of the weak acid 
HE, exchange of the counter-ion (e.g., Na*) of the eluent with H* will result in the 
formation of the weak acid HE. 


(Suppressor)—H* +Na‘E = (Suppressor)—Na* + HE (4.3) 
HE will partially dissociate, generating a background conductivity. 
HE=H' +E (4.4) 


The magnitude of this background conductivity correlates with the strength of the acid HE. 
For instance, typical background conductivities after suppression are 12—15 S/cm for 
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HCO; /CO3 eluents (pK; = 6.35) and, ideally, 0.06 wS/cm for OH (pKy, = 14). It is 
for this reason that eluents in IC should possess a pK, greater than 7. The clear benefit of 
OH as an eluent for suppressed-conductivity detection has been the driving force in many 
of the developments in IC over the past decade. With less completely suppressed eluents 
(e.g., carbonate) the residual conductivity after suppression can lead to nonlinearity of 
calibration, as will be discussed in Sec. 4.2.4.1. Another manifestation of the background 
conductivity is the appearance of a negative peak at the void volume. This peak is known 
as the water dip, and results from the absence of the eluent ion (E ) from the sample 
solvent. The unretained solvent zone does not possess the residual conductivity resultant 
from Eqn. 4.4, and therefore has a lower conductivity. Thus, the magnitude of the water 
dip is directly proportional to the background conductivity of the eluent after suppression. 

Simultaneous with the neutralization of the eluent, the counter-ion (Na*) associated 
with the analyte anion (A_ ) is also exchanged for H*. 


(Suppressor)—H* +NatA = (Suppressor)—Na* +HA (4.5) 


If HA is a strong acid, as it is for the seven common anions (F_ , Cl , NO;, Br , NO;, 
HPO , and SO} ), it will fully dissociate, yielding A” and H™. Since the conductivity of 
H* (350 S cm? eq ') is very high, relative to Nat (50S cm? eq ') and all other cations, 
there is an overall enhancement in the conductivity signal due to A’. The significance of 
HA being a weak acid is discussed in Sec. 4.2.4.1. The use of suppression for cation- 
exchange chromatography is controversial, some people believing that suppression results 
in a significant gain in sensitivity, whereas others do not. The principles of the suppression 
of eluents in cation exchange are analogous to those in anion exchange. Briefly, in cation 
exchange the eluent ion is usually H* and the suppressor usually contains OH. Exchange 
of the counter ion of H* (e. g., MSA) with OH results in the formation of water, and the 
eluent is effectively neutralized. 


4.2.3.2 Packed-bed suppressors 


Since the original patent on suppression technology expired in the mid-1990s, there has 
been a proliferation of different types of suppressors. Each manufacturer makes a different 
style of suppressor [5], which can be classified with regard to format (packed bed vs. 
membrane) and mode of regeneration (chemical vs. electrochemical). In the original work 
of Small et al. [1], the suppressor was a 9 mm X 250-mm column, packed with 200- to 
400-mesh Dowex 50W-X8 in the H* form. This suppressor column revolutionized anion 
analysis by enabling for the first time rapid parts-per-million detection of anions in 
complex matrices. Alltech now markets a disposable 4.6mm X 100-mm column 
suppressor (Model 335) with sufficient capacity for a 7-h operation. However, column 
suppression has a number of drawbacks. Firstly, the suppressor column has a limited 
capacity, and it must be regenerated or replaced periodically. Secondly, the large volume 
of the suppressor adds considerably to peak-broadening. Thirdly, retention times of weak 
acid analytes vary, due to variation in Donnan exclusion of these analytes, as the cation- 
exchange bed of the suppressor becomes exhausted. The drawbacks of column 
suppression are circumvented in the Metrohm Model 753 micro packed-bed suppressor. 
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In this device three small packed beds are housed in a three-position rotary valve. At any 
given time, one micro bed is suppressing the effluent, the second is being chemically 
regenerated with 100 mM H,SOg, and the third is being rinsed prior to returning to service. 
Each micro packed bed has sufficient capacity for 2h of operation with a standard 
carbonate/bicarbonate eluent. In a typical operation, the valve is rotated prior to each 
chromatographic run. The micro-packed bed device is particularly robust, able to 
withstand pressures up to 2 MPa. 


4.2.3.3 Membrane suppressors 


Membrane suppressors provide continuous regeneration, low dead-volumes, and 
reproducible retention times for weak-acid analytes [9]. The heart of a Micromembrane 
Suppressor (MMS) for anion determination is a cation-exchange membrane, as shown in 
Fig. 4.2a [10]. Effluent (NatA~, NatOH_) flows on one side of the membrane, and 
sulfuric acid regenerant (H*HSO; ) flows in the opposite direction on the other side. 
Cations move freely through the cation-exchange membrane. Thus, H* transfers from the 
regenerant into the eluent to generate H*A™ and HO, while the eluent cation (Na‘) 
passes simultaneously into the regenerant. The eluent is sandwiched between two 
cation-exchange membranes to maximize the cation flux and thereby the suppression 
capacity. Meanwhile, anions experience Donnan exclusion and do not pass through the 
membrane. The current version of the Micromembrane Suppressor (MMS III, Dionex) has 
a void volume of <50 or <15 pL in the 4- or 2-mm formats, respectively, and can 
suppress 150 or 37.5 jreq/min, respectively. In theory, membrane suppressors should 
achieve background conductivities of 12—15 wS/em for HCO; /CO3_ and 0.06 S/cm for 
OH™ eluents. However, in practice, with OH eluents the background is limited by 
impurities in the eluent and by regenerant penetration through the membrane. The MMS 
Ill has a higher-capacity cation-exchange membrane than previous models, and not only 
improves the cation flux (thus increasing the amount of eluent that can be suppressed), but 
also lowers the background caused by leakage of regenerant ions into the eluent. When 
chemical suppression is used, the anion MMS III provides the lowest background levels 
(and thus the best detection limits) of the Dionex suppressors, and is compatible with 
eluents containing CO}, and OH and eluents containing organic solvents. MMS III 
suppressors are also available for cation separations, with MSA- and sulfuric acid- 
containing eluents. 


4.2.3.4 Electrochemical regeneration of suppressors 


The primary drawback of membrane suppressors is that the regenerant flow must be 
three to ten times the eluent flow to ensure complete suppression and thus optimal 
sensitivity. For the anion MMS III (4-mm format) this translates to 5-10 mL/min of 
100 mM H,SO,. Thus, a second classification of suppressors is based on their mode of 
regeneration. All of the above suppressors are “chemically suppressed”. That is, 
regeneration is achieved by using a solution of regenerant. An alternative is “electrolytic” 
or “self-regeneration” suppression. In these devices regeneration is accomplished by 
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Fig. 4.2. Processes occurring within: (a) a membrane suppressor and (b) an electrolytic membrane 
suppressor. (Adapted from Ref. 10. Courtesy of Dionex Corporation.) 


producing the regenerant ion in situ through electrolysis of water at electrodes within the 
suppressor, as shown in Fig. 4.2b [11]. Thus, the need for large volumes of regenerant and 
for a separate pumping system for the regenerant is eliminated. 

When electrolytic regeneration is performed in a membrane suppressor [12], platinum 
electrodes are placed just outside the membrane. The effluent from the column flows in one 
direction on the inside of the ion-exchange membrane, while the outer stream, flowing in 
the opposite direction, is electrolyzed to produce H* at the anode and OH at the cathode: 


Anode H,O—2H* + 1/20, +2e (4.6) 
Cathode 2H,O+2e — 20H +H), (4.6b) 
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For anion separations the membrane is a strong-cation exchanger, as shown in Fig. 4.2b, 
and the neutralization reactions are similar to those shown in Fig. 4.2a. Hydrogen ions, 
generated at the anode, pass through the cation-exchange membrane into the eluent 
stream. Simultaneously, a stoichiometrically equal amount of Na* ions pass from the 
eluent stream through the right membrane into the cathode chamber. Again, as with the 
chemical membrane suppressor (Fig. 4.2a), Donnan equilibrium prevents co-anions from 
passing through the membrane. The capacity of the suppressor is controlled by the current 
applied to the electrodes. The Dionex Ultra self-regenerating suppressor (SRS) has a 
suppression capacity of 200 or 50 jeq/min in the 4- or 2-mm formats, respectively. 

The choice of the source of the regenerant water is a compromise of sensitivity and 
convenience. Greatest sensitivity and tolerance to organic solvents are achieved by using 
fresh water as the regenerant, but it is more convenient to recycle the suppressed eluent 
through the outer chamber of the suppressor. A disadvantage of membrane-based 
suppressors is the fragile nature of the membranes. They are thin so as to maximize the 
suppression capacity, but this compromises their mechanical strength. Recent suppressor 
devices, such as the Atlas Electrolytic Suppressor (AES, Dionex), the DS-Plus (Alltech), 
and the Model 828 (Metrohm) combine the ruggedness of packed-bed suppressors with the 
ease of operation of electrolytic regeneration. The DS-Plus and Model 828 suppressors 
also incorporate on-line degassing to remove carbonic acid [13,14], and this results in a 
reduction of the background from 20 to 1-2 pS [15]. 


4.2.4 Detection 


Conductivity detection remains the most widely used detection scheme for IC, due to 
the universal response of conductivity detection to all ions. We will therefore discuss 
conductivity detection in detail. Other forms of detection, including amperometric 
detection, mass-spectrometric detection and post-column-reaction detection have also 
been used. These detection schemes will be discussed briefly at the end of this section. 


4.2.4.1 Conductivity detection 


Conductivity detection is performed with a detector cell, consisting of two electrodes to 
which an electric potential is applied [16]. The ions passing through the detector cell move 
in response to the electrical field, i.e., anions move to the anode and cations to the cathode. 
The moving ions generate a current and it is this current that is the analytical signal. The 
generated current is dependent on the ionic conductance (A) and concentration of the ions 
passing through the detector cell. To avoid polarization of the ions, the potential is an 
alternating current (AC) in the range of 50 to 10,000 Hz. The amplitude of this AC 
potential should be as high as possible to maximize the resultant current, but it must be low 
enough to avoid redox reactions at the electrode surfaces. In the absence of analyte ions, 
the conductivity signal is due entirely to the eluent ions. During elution, analyte ions 
displace eluent co-ions, so that when analyte ions pass through the conductivity cell, there 
is an increased concentration of analyte ions and a decreased concentration of eluent ions. 
The resultant detection signal is then dependent on the difference in ionic conductance 
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between the eluent ions and the analyte ions. The change in conductivity, AG, during 
elution is given by Eqn. 4.7 [17] 
= (Ag+ + Na-) a4 ay (Ag+ + Ag-) apa, 


A 
G 10°3K 


CA (4.7) 


where E* and E are the cation and anion of the eluent, A is the ionic equivalent 
conductance of an ion, a, and a, are the degree of dissociation of the analyte and eluent 
ions, K is the cell constant of the detector and c, is the analyte concentration passing 
through the detector. Therefore, Eqn. 4.7 predicts that an enhancement in signal can be 
obtained, if the conductivity of the eluent is reduced or essentially eliminated, and if the 
eluent is not fully dissociated. In the special case of complete dissociation of the analyte 
and eluent ions Eqn. 4.7 becomes 


_ (a- — Ar) 


AG = ey (4.8) 


There are a number of ways to reduce the background conductivity of the eluent. Firstly, 
and most obviously, a suppressor can be used to reduce the background conductivity and 
simultaneously enhance the conductivity of the analyte ion (Sec. 4.2.3). In this case, a, in 
Eqn. 4.7 becomes 0 and the change in conductivity will arise from the analyte ion and an 
equivalent amount of H* 


_ Ag+ + Ag-)Oa 


me 103K 4 


(4.9) 


Alternatively, the eluent contribution to the background conductivity can be decreased by 
employing small concentrations of weakly conducting eluent ions [2]. Typically, suitable 
eluent ions for nonsuppressed anion exchange are organic aromatic acids, such as 
salicylate, phthalate, or benzoate, whereas, for cation exchange, organic bases, such as 
aniline, benzylamine, or methylpyridine, can be used. In this way, detection can be 
accomplished without a suppressor and with a substantial simplification of the IC 
instrument. 

The linearity of calibration plots has been an issue with suppressed-conductivity 
detection when eluents are used that partially dissociate after suppression (e.g., 
CO% /HCO; ). The nonlinearity is a result of the protonation of dissociated eluent ions 
by analyte ions after suppression, depicted in Fig. 4.3 [18]. Therefore, the background 
conductivity will be slightly lower in the presence of an analyte ion than in its absence, 
when the eluent alone is flowing through the detector cell (Fig. 4.3a). This decreases the 
slope of the calibration curve at the low-concentration end compared to the high- 
concentration end (Fig. 4.3b). This phenomenon is not seen when nonsuppressed 
conductivity detection is used. 

The decision whether to suppress or not to suppress was a source of heated controversy 
in the early years of IC, when suppression was a patented technique. Currently, it is 
acknowledged that suppressed conductivity detection is preferred for anion exchange, 
since it results in a considerable decrease in the contribution of the eluent (Eqn. 4.7). 
Detection limits in anion exchange with suppressed-conductivity detection are at the part- 
per-billion (ppb) level, whereas with nonsuppressed detection, limits are about an order of 
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Fig. 4.3. Nonlinearity of calibration curves in suppressed IC. (a) Reduction in analyte signal due to 
protonation of dissociated eluent ions. (b) Effect on calibration curve. (Adapted from Ref. 8 with 
permission.) 


magnitude higher. The use of suppressed conductivity detection for cation exchange is not 
as advantageous, since the terms (Ay+ — Ag+) and (Agy- + Aq+) (Eqns. 4.8 and 4.9) are 
similar in magnitude. It is best to view suppressed and nonsuppressed conductivity 
detection as complementary rather than competitive techniques. Suppression results in 
superior detection limits for analytes with a pK, of less than 5 (e.g., Cl, Br , NO3, 
SO7 ). However, analytes with a pK, greater than 5 (e.g., CN ) exhibit reduced 
detectability, and those with a pK, greater than 7 are virtually undetectable. Clearly, in 
these cases, nonsuppressed-conductivity detection has a distinct advantage over 
suppression. Alternatively, suppressed and nonsuppressed conductivity detection can be 
combined [19]. In this technique, after suppressed conductivity detection is performed 
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Fig. 4.4. Analytes determined with suppressed-conductivity detection (top) and nonsuppressed- 
conductivity detection (bottom). Experimental conditions: sample, 6.25 nmol nitrate, borate, acetate, 
and sulfate, all others 12.5 nmol; column, Dionex IonPac AS11-HC; injection volume, 25 pL; 
gradient program: from 0 to 3 mM KOH in 10 min, hold at 3.0 mM until 15 min, up to 10 mM@ 
15-20 min, up to 20 mM 20-30 min, up to 30 mM 30—40 min. (Reproduced from Ref. 19 with 


permission.) 


(using a hydroxide eluent), the eluent is passed into a membrane device, where potassium 
hydroxide is introduced into the eluent stream. In this way, the weak-acid analytes are 
converted to fully ionized potassium salts and are detected against a weak-hydroxide 
background as negative peaks. All ionic species are detected, regardless of pK, (Fig. 4.4). 
This detection scheme not only offers detection of strong- and weak-acid analytes, but it 
can also be used to detect unresolved peaks, estimate pK, values, calculate analyte 
equivalent conductance for peak identification, and even for universal calibration. 


4.2.4.2 Amperometric detection 


Amperometric detection is performed in a flow-cell that contains a working electrode, 
counter electrode, and reference electrode [16,20]. A potential is applied to the working 
electrode to oxidize or reduce analyte molecules at its surface. The resultant current is then 
measured and serves as the analytical signal. Usually, amperometric detection is carried 
out in the direct mode, which means that the analyte should be electrochemically active, 
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whereas the mobile-phase co-ion should be electrochemically inactive. The potential 
applied to the working electrode may be constant (DC) or it may be pulsed. In pulsed 
methods, a repeating sequence of potentials is applied to the working electrode, and 
current is measured only at a specified time during the sequence. Pulsed potentials are 
advantageous when the products of the electrochemical reaction poison the surface of the 
working electrode. Typically, a measuring potential is applied, followed by a cleaning 
potential and a conditioning potential. This series of potentials serves to clean the surface 
of the working electrode electrochemically, making the surface reproducible for the 
detection of analytes. Amperometric detection is primarily used for the sensitive and 
selective detection of organic molecules, which are difficult to detect by other means. 
Examples include amines, amino acids, and carbohydrates [21]. Typically, these analytes 
are separated by anion exchange at high pH and detected under alkaline conditions. 
Detection limits are in the picomole to femtomole range. 


4.2.4.3 Ultraviolet-absorbance detection 


Direct monitoring of ultraviolet (UV) absorbance is the most straightforward mode of 
detection. Many analytes exhibit useful UV absorbance (Table 4.1). The sensitivity of UV 
detection can be enhanced by incorporation of a suppressor when the eluent is UV- 
absorbing in its deprotonated state. For example, OH has significant UV absorbance at 
214 nm. If a suppressor is used before UV detection, then the OH ion is converted to 
water, and this dramatically reduces the background absorbance of the eluent. For ions 
without UV absorption, indirect UV detection can be used [22]. In this technique, the 
wavelength of detection is chosen such that the absorbance of analyte ions is zero, whereas 
the absorbance of the eluent ion is very high. Thus, when an analyte ion passes through the 


TABLE 4.1 


ULTRAVIOLET ABSORPTION OF ANIONS (TYPICAL 
OPERATING WAVELENGTHS) 


Jon nm 
Bro 215 
BrO3 210 
C,07— 205 
CrOz” 365 
HCOO™ 190 
105 210 
NO 210 
NO; 215 
S,03— 205 


SCN 195 
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detector cell, it displaces a certain amount of eluent co-ions, the absorbance of the eluent 
decreases, and this results in negative peaks. Typical eluents for indirect UV detection are 
aromatic carboxylic acids (like those used for nonsuppressed conductivity) or sulfonic 
acids for anion separations, and copper, cobalt, or cerium salts or aromatic amines for 
cation separations. 


4.2.4.4 Post-column reaction detection 


Post-column reaction (PCR) detection involves monitoring of the product of an on-line 
reaction of an analyte, eluted from the separation column, with a reagent (or series of 
reagents) [23,24]. Advantages of PCR as a detection scheme include: 

(a) analytes that are not easily detected are converted into products that are more easily 

detected; 

(b) sensitivity and specificity of detection are improved; and 

(c) a wide array of reagents are available for PCR. 

However, these advantages are balanced by an increased instrumental complexity and a 
broadening of the chromatographic peaks. Table 4.2 shows some of the most commonly 
used reagents for IC [25-27]. The post-column reagent is added after the separation 
column via a porous membrane, like those used for suppressors (Sec. 4.2.3), or a simple 
T-junction [28]. Complete mixing is essential for minimizing background noise. Pumping 
reagents under gas pressure produce much lower baseline “noise” than using either a 
syringe or a reciprocating pump. The reaction time is governed by the length and diameter 
of the reaction tube and the combined flow-rate of the eluent and reagent. The length of 
tubing is a compromise between the enhancement in sensitivity resulting from allowing 
the reaction to go further toward completion in a longer tube and the concomitant 
increased band-broadening. Reagents, such as PAR or Arsenazo III, react rapidly, so that 
the reaction is completed within the connecting tubing between the mixing device and the 
detector. Other reactions, such as that with BrO3, are slower. In such cases, heating in 
conjunction with long, knitted, or potted tubing is used [23,27]. 


TABLE 4.2 


COMMON POST-COLUMN REAGENTS IN ION CHROMATOGRAPHY 


Reagent Analytes Detection (nm) Ref. 
2-(pyridylazo) resorcinol (PAR) Transition metals and lanthanides 520-530 

(low pg/L) 
Arsenazo III Lanthanides, U, Th, Y (100 wg/L) 658 [26] 
1,5-diphenylcarbazide Cro7” (0.3 pg/L) 530 [25] 


o-dianisidine dihydrochloride (ODA) BrO3 (0.12 pg/L) 450 [27] 
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4.2.4.5 Mass-spectrometric detection 


The coupling of IC with mass spectrometry (MS) meets the need for the determination 
of analytes other than the common anions/cations with increased sensitivity (sub-ppb 
level) and the need for speciation, i.e., identification of the actual chemical form of an 
element. Coupling of IC to MS can be performed with an inductively coupled plasma 
(ICP) as an ionization source or with electrospray ionization. The former results in an 
element-specific detector, whereas the latter can be used to provide structural information 
on the analytes. The details of interfacing IC to MS can be found in a number of recent 
review articles [16,29,30] and Chap. 10. There has been a decline in the number of papers 
dealing with the coupling of IC with atomic emission spectroscopy (AES) as it is gradually 
being replaced by ICP/MS. However, a brief description of IC/ICP-AES is given in Ref. 
30. IC/MS is now commonly used to determine such ions as perchlorate, bromate, 
haloacetates, selenium, arsenic, and chromium. Applications of IC/MS to the 
determination of inorganic ions can be found in Chap. 13 of this book and in review 
articles by Seubert [30], Sutton [29], and Buchberger [16]. 


4.3 SELECTIVITY IN ION CHROMATOGRAPHY 


4.3.1 Importance of selectivity 


Proper control of the selectivity of a separation is of utmost importance in method 
development. Common ways of altering selectivity are through changes in the mobile 
phase (e.g., eluent type, eluent strength, pH, and additives) and in the stationary phase 
(e.g., support and ion-exchange site). In IC, selectivity is most often altered through 
changes in the chemical nature of the stationary phase. The reason for this is primarily that 
IC separations performed with suppressed conductivity detection are restricted to eluents 
that can be suppressed (Secs. 4.2.2 and 4.2.3). Moreover, as will be shown in Sec. 4.3.3.2, 
the selectivity for ions of similar charge cannot be influenced through changes in the eluent 
concentration. Consequently, manufacturers of IC columns have invested a great deal of 
time and effort into producing columns with varying selectivity (Chap. 12). Selectivity in 
IC (or more specifically, ion exchange, which will be discussed exclusively until 
Sec. 4.3.5) can be qualitatively described as the likelihood of exchange occurring between 
two ions, one being the analyte of interest and the other being the eluent ion in the 
stationary phase [31]. Consider, e.g., the exchange of ion A* with the eluent ion E”~ 


yAX> + xB” = yA*” + xEX, (4.10) 


where the subscript m denotes the mobile phase and r denotes the resin (stationary) phase. 
The selectivity coefficient, K, ;, is the equilibrium constant for Eqn. 4.10 (assuming that 
activity coefficients are approximately equal to 1) 
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The selectivity coefficient, being a function of the analyte, the eluent ion, and the 
stationary phase, can be moderated in a number of ways. 


4.3.2 Properties of analyte and eluent ions affecting selectivity 


Perhaps the most intuitively obvious factor that affects retention of ions in ion exchange 
is the charge of the ion. As might be expected, doubly charged ions (e.g., SOZ_) are much 
more strongly retained than singly charged ions (e.g., Cl). Consequently, there is a gap in 
chromatograms between ions of differing charge, which can lead to long analysis times. 
One way to reduce the gap between ions of differing charge is to increase the eluent 
strength, as will be discussed in Sec. 4.3.3.2. Alternatively, if an ion is the conjugate base 
of a weak acid, the pH of the eluent may be used to control the degree of ionization of the 
ion and, therefore, its retention. However, in most cases this is only possible when 
nonsuppressed-detection modes are used. Suppression necessitates that the eluent be 
acidic for cation separations and basic for anion separations (Sec. 4.2.3.1). Apart from the 
charge of ions, solvation of ions also plays a significant role in retention. Since ion 
exchange is a process that occurs in aqueous solution, ions are surrounded by solvation 
spheres [32]. If an ion is to leave the solution phase (i.e., the mobile phase) and enter the 
ion exchanger, it must rearrange and eventually partially shed its solvation sphere in order 
to come close to the ion-exchange site. The more an ion sheds its solvation sphere, the 
closer it can come to the ion-exchange site and the more strongly it will be bound to the site 
(i.e., retained). The eluent ion undergoes similar processes. Generally speaking, the ion 
exchanger preferentially binds the ions with the smallest hydration sphere. It is for this 
reason that elution in anion exchange follows the order F , Cl , Br and in cation 
exchange it is Lit, Na*, K*, Rb’. 

Polarizable ions display unique selectivity in ion exchange. They are very strongly 
retained on anion exchangers due to the secondary interactions they undergo. Such ions as 
I_,SCN _, and especially ClOz , being relatively large and poorly hydrated, are unable to 
form a proper solvation sphere in the solution phase. They disturb the structure of water in 
the mobile phase and enter the stationary phase, where the structure of water is less 
ordered [33]. According to Diamond [34], polarizable ions may participate in water- 
structure-enforced ion pairing with the anion-exchange site, and this further increases their 
retention. This type of interaction is strong between two large, poorly hydrated ions (e.g., 
tetraalkylammonium and ClO, ) and thus, polarizable ions are very strongly retained on 
most anion exchangers. Since the strong interaction of polarizable ions with anion 
exchangers stems from the disruption of the water structure in the mobile phase, a better 
term for them is chaotropic. The relative chaotropic nature of various ions is illustrated by 
the Hofmeister series (Eqn. 4.17a, Sec. 4.3.5.3). 


4.3.3 Effect of mobile phase on selectivity 


As will be shown in Sec. 4.3.4, the stationary phase has the strongest impact on 
selectivity in ion exchange. This does not mean that the mobile phase can be ignored in 
method development; “fine-tuning” of the selectivity can be accomplished through 
changes in the mobile phase. The most important and obvious way in which this is 
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accomplished is through changes in the eluent type and concentration, although other 
variables, such as organic modifiers and temperature can also be used. 


4.3.3.1 Choice of eluent ion 


The choice of eluent is an important consideration, especially when separating multiply 
charged species. Weak eluents (e.g., hydroxide or borate for anion separations and Ht for 
cation separations) are effective for singly charged analytes, but retention times for 
multiply charged species are prohibitively long. Eluents commonly used for the separation 
of multiply charged species are listed in Table 4.3 [35,36]. The eluent strength is adjusted 
to fine-tune the resolution. Multivalent ions can also be eluted in a reasonable time by high 
concentrations of OH, as shown in Fig. 4.5. In cation exchange, alkaline-earth metals can 
be separated with a tartaric acid/dipicolinic acid eluent when using non-suppressed 
conductivity detection or with MSA when suppressed-conductivity detection is used. 
However, both separations are performed on carboxylated stationary phases for reasons 
given in Sec. 4.3.4.3. 


4.3.3.2 Effect of eluent on selectivity 


Based on Eqn. 4.10 and general chromatographic principles (Chap. 1), the linear- 
solvent-strength model [37-39] predicts that ion retention is governed by 


1 
log ks = —log Kar 4 “toe( ©) los = 
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TABLE 4.3 


ELUENTS USED FOR CERTAIN DIVALENT ANALYTES AND THE CORRESPONDING 
COLUMNS [35,36] 


Analytes Eluent Column (from Table 4.4) 
Sulfate, phosphate Hydroxide Dionex IonPac AS10 
Bicarbonate/carbonate Metrohm Metrosep A 
Supp 1, 4, and 5 
Alkaline-earth metals Tartaric acid—dipicolinic acid Metrohm Metrosep A Supp 4 
Methanesulfonic acid or sulfuric Dionex IonPac CS12A 
acid 
Transition metals Tartaric acid/citric acid or Metrohm Metrosep C 2-250 
oxalic acid 
Oxalic acid or pyridine- Dionex IonPac CS5 


2,6-dicarboxylic acid 
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Fig. 4.5. Elution of multivalent anions with aOH eluent. Experimental conditions: column, Dionex 
IonPac AS10 (4mm), 170 eq capacity; eluent, 50-124 mM NaOH in 30 min; injection, 20 wL; 
detection, suppressed conductivity. Peaks (in mg/L): 1. fluoride (1.2); 2. acetate (30); 3. formate (5); 
4. selenite (10); 5. chloride (1.8); 6. nitrite (9); 7. sulfate (10); 8. oxalate (10); 9. selenate (10); 10. 
phosphate (9); 11. bromide (10); 12. nitrate (6). (Courtesy of Dionex Corporation.) 


where k, is the retention factor of the analyte, K, ; is the ion-exchange selectivity constant 
for the analyte and the eluent competing ion (E’-), Q is the effective ion-exchange 
capacity of the stationary phase, w is the mass of the stationary phase, and V,, is the 
volume of the mobile phase. The linear-solvent-strength model (Eqn. 4.12) can adequately 
describe retention behavior for eluents containing a single competing ion (e.g.,OH  [38]), 
but is not effective for eluents containing multiple competing ions (e.g., phthalate [37] or 
HCO3 /CO3° [39]). Further, secondary interactions, such as adsorption of the analyte on 
portions of the stationary phase that are not functionalized, or steric hindrance also 
influence retention. Nonetheless Eqn. 4.12 provides a useful framework for a discussion of 
the factors that influence selectivity in IC. For a given column and given eluent ion, Eqn. 
4.12 is reduced to 


log ky = const — ~loglE?>] (4.13) 
y 


Thus, increasing the eluent concentration results in a dramatic decrease in retention. For 
instance, doubling the concentration of NaOH will cut the retention time of Cl” and NO3 
in half and the retention time of SOz” and C,07— to a fourth. Thus, the use of high 
concentrations of OH’ compensates for its weak eluent strength. Modern suppressors are 
capable of neutralizing up to 200 meq/min OH (Sec. 4.2.3). While the eluent 
concentration strongly affects retention, it has little effect on the selectivity of ions of 
the same charge. However, the eluent concentration can have dramatic effects on 
selectivity among ions of different charge. If the eluent concentration is high enough, it is 
possible to elute multiply charged analytes before singly charged analytes (Fig. 4.5). Thus, 
manipulation of the eluent concentration is extremely useful for bridging the gap between 
analytes of different charge in chromatograms. However, this approach to selectivity 
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modification only works with high-capacity columns. In the example shown in Fig. 4.5, 
the capacity of the Dionex IonPac AS10 column is 170 jeq. For low-capacity columns, 
high eluent strength produces inadequate separation of early-eluted ions, but with a higher 
capacity it is possible to use high eluent strengths to modulate selectivity without 
sacrificing the resolution of early-eluted anions. 


4.3.3.3 Use of organic additives 


The addition of organic solvents to the eluent (e.g., methanol, acetonitrile) can have a 
marked effect on selectivity, peak shape, and efficiency in IC. However, care must be taken 
to ensure that the stationary phase is solvent-compatible. If the polymer making up the 
core of the agglomerated phases is lightly cross-linked (<5%), as it was in early IC 
phases, the beads will swell dramatically in the presence of even a small amount of 
solvent. This causes increased back-pressure and voids. Solvent-compatible columns are 
often more than 50% cross-linked. Organic modifiers affect selectivity through changes in 
solvation of the analyte and eluent. Examples of the use of organic solvents for selectivity 
control in anion separations can be found in Ref. 32. The use of an organic modifier is most 
often necessary in cation separations, e.g., in the determination of amines [40]. In the case 
of the more hydrophobic amines, 100% aqueous eluents produce excessively long 
retention times (due to hydrophobic adsorption of the amine on the polymer backbone) and 
extreme peak-tailing. The organic additive attenuates hydrophobic interactions with the 
stationary phase and reduces retention time and peak-tailing. An added benefit of solvent- 
compatible packings is that column clean-up is more effective. Many compounds are 
strongly adsorbed on the stationary phase. The combined use of solvents and high ionic 
strength allows the removal of a large variety of contaminants, thus restoring column 
performance to nearly original levels. 


4.3.3.4 Temperature 


The effect of temperature has attracted much attention in RP-LC method development, 
but, until recently, the use of temperature to modify selectivity in IC has been relatively 
neglected [40-43]. In anion-exchange chromatography, the effect of temperature on 
selectivity can be quite complex [42]. Unfortunately, with the basic eluents typically used 
in anion exchange, the quaternary ammonium sites of the stationary phase (Sec. 4.3.4.4) 
are prone to nucleophilic substitution of OH’ on the benzylic carbon, and to a lesser extent 
the methyl carbon, resulting in decreased capacity and retention at high pH [44]. 
Conversely, cation exchangers are temperature-stable. Retention usually decreases with 
increasing temperature, but different classes of analytes, (e.g., alkali metal, alkaline-earth 
metal, or amine) show decreases to varying extent [40,43]. Thus, selectivity is altered 
significantly through a change in temperature, especially in the separation of metals and 
amines. Temperature was found to have a marked effect on peak symmetry and efficiency 
in both anion and cation exchange. This is especially true for the separation of chaotropic 
anions in anion-exchange [42] and the separation of amines in cation-exchange 
chromatography [40,43]. 
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4.3.4 Effect of stationary phase on selectivity 


Undoubtedly, the stationary phase exerts the most pronounced effect on selectivity 
in ion exchange [31]. It is for this reason that a wide range of ion-exchange columns 
for IC has been manufactured (Chap. 12). Some of these IC columns are listed in 
Table 4.4 [35,36,45]. The selectivity of a separation can be altered by changing 

(a) the materials used to construct the stationary phase; 

(b) the degree of cross-linking of the resin; 

(c) the ion-exchange capacity of the resin; 

(d) the functional group on the ion exchanger. 


4.3.4.1 Structure 


Most stationary phases for IC are made from polymers (Sec. 4.2.1). The particles may 
be “agglomerated”, i.e., composed of an essentially nonporous solid inner core, on the 
surface of which a thin layer of stationary phase is deposited [36]. More specifically, a 
monolayer of charged latex particles (which determine the stationary-phase functionality/ 
selectivity) is electrostatically attached to a surface-functionalized internal-core particle. 
Such stationary phases (manufactured by Dionex) produce higher efficiencies than 
completely porous ion exchangers, because exchange is faster and the pellicular layer is 
high permeable. Examples of such columns are the Dionex IonPac AS10 and the IonPac 
AS16 (Table 4.4). The capacity of agglomerated stationary phases is determined by the 
diameter of the latex particle. Latex particles of larger diameter have a larger capacity. 
However, there is a limit. When the latex particles become too large, chromatographic 
efficiency is sacrificed. Another way to construct polymeric particles is to chemically graft 
a functionality directly onto the particles. This approach is preferred when a stationary 
phase is to have a higher capacity. A grafted film is typically very thin (1—5 nm) and 
makes high-efficiency and high-capacity stationary phases. The Dionex IonPac AS14-A 
and IonPac CS12A (Table 4.4) employ this technology. 

Typically, stationary phases are constructed from three different types of monomers: 

(a) a functional (or base) monomer for creating the ion-exchange site; 

(b) a cross-linking monomer to control the water content; and 

(c) a nonfunctional monomer can be used to control charge density and secondary 
selectivity interactions. Common base materials are ethylvinylbenzene (Dionex), 
methacrylate (Dionex, Metrohm, Alltech), polyvinyl alcohol (Metrohm), and polystyrene 
(Metrohm, Alltech) (Sec. 4.2.1). These base monomers need to be cross-linked to control 
their water content, which plays a role in stationary-phase selectivity. The choice of cross- 
linker depends on the base material used. Divinylbenzene is the most popular cross-linking 
material for aromatic base materials (e.g., ethylvinylbenzene or polystyrene), whereas 
ethyleneglycol dimethacrylate (among others) can be used for methacrylate-based resins. 
Typically, methacrylate-based resins require a higher degree of cross-linking (8—40%) to 
achieve the same water content as aromatic resins (0.2—5%). Functionalization of the base 
monomer, which is usually a proprietary process, is accomplished in a number of ways. 


TABLE 4.4 


IC COLUMNS FROM DIONEX, METROHM, AND ALLTECH [35,36,45] 


col 


Column 


Functional group 


Stationary-phase 
material 


Capacity 
(weq/col.) (um) 


Particle size Typical analytes 


Dionex IonPac AS9-HC 
Dionex IonPac AS14-A 


Dionex IonPac AS16 
Dionex IonPac CS5A 
Dionex IonPac CS12A 


Metrohm Metrosep A Supp 1 
Metrohm Metrosep A Supp 4 
Metrohm Metrosep A Supp 5 
Metrohm Metrosep C 2-250 
Metrohm Nucleosil 5SA 
Alltech Allsep Anion 
Alltech Wescan Anion/R 


Alltech Universal Cation 


Alkyl quaternary ammonium 
Alkyl quaternary ammonium 


Alkanol quaternary ammonium 
Sulfonate/quaternary ammonium 
Carboxylate/phosphonate 


Quaternary ammonium 
Quaternary ammonium 
Quaternary ammonium 
Carboxylate 

Sulfonate 

Alkyl quaternary ammonium 


Trimethyl ammonium 


Carboxylate 


EVB/DVB 
EVB/DVB 


EVB/DVB 
EVB/DVB 
EVB/DVB 


PS/DVB 
PVA 

PVA 

Silica 

Silica 
Methacrylate 
PS/DVB 


Silica 


170 9 
120 5 
170 9 
20/40 9 
2800 5 
34 7 
46 9 
57 5 
194 7 
186 5 
- 7 
190 10 
- ‘f 


Oxyhalides, common anions 

7 common anions and low-MW 
acids 

Chaotropic anions 

Transition metals and lanthanides 

Inorganic cations, alkylamines, 
alkanolamines 

Common anions, oxyhalides 

7 common anions 

Common anions, oxyhalides, 
perchlorate 

Inorganic cations, alkylamines, 
alkanolamines 

Divalent cations, transition metals 

7 common anions 

7 common anions, thiocyanate, 
thiosulfate 

Inorganic cations 


EVB/DVB = ethylvinylbenzene/divinylbenzene, PS/DVB = poly(styrene)/divinylbenzene, PVA = poly(vinylalcohol). 


p tajdvy) 
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Typical examples include [31]: 
(a) for cation exchangers, reaction of polystyrene with sulfuric acid, chlorosulfonic 
acid, or sulfur trioxide to produce sulfonate groups on the base material; 
(b) for anion exchangers, reaction of the base material with a tertiary amine to produce 
a quaternary ammonium group. 


4.3.4.2 Role of column material 


The materials used in the synthesis of a stationary phase can have a pronounced 
effect on the selectivity of a separation. Fig. 4.6 shows the separation of seven common 
anions on each of three stationary phases. Stationary phases with high water content 
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Fig. 4.6. Effects of stationary-phase composition on anion-exchange selectivity. (a) 5% cross- 
linked vinylbenzyl chloride (VBC) latex (75% water by mass), (b) 1% VBC (91% water by 
mass), (c) 5% cross-linked glycidylmethacrylate (GM) latex (87% water by mass). All 
stationary phases have a trimethylamine functional group. Conditions: eluent, 3 mM sodium 
carbonate; flow-rate, 2 mL/min; suppressed conductivity detection. Peaks: 1. fluoride, 2. 
chloride, 3. nitrite, 4. bromide, 5. nitrate, 6. phosphate, 7. sulfate. (Adapted from Ref. 31 with 
permission. Courtesy of Dionex.) 


(i.e., Latex B and Latex C) cannot completely separate Br from NO3. Latex A (low 
water content) gives baseline resolution of Br from NO3. However, this does not 
mean that resins with high water content always behave identically. This is especially 
true for the separation of chaotropic anions. Fig. 4.7 shows a separation of I, BF, , and 
SCN” on Latex B and Latex C. Latex C shows considerably more retention and 
resolution of these anions than Latex B. Stationary phases of high water content produce 
greater retention changes for chaotropic anions than stationary phases of lower water 
content. 
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Fig. 4.7. Effect of stationary-phase composition on the separation selectivity of chaotropic anions. 
(a) 1% cross-linked vinylbenzyl chloride (VBC) latex (91% water by mass); (b) 5% cross-linked 
glycidylmethacrylate (GM) latex (87% water by mass). Conditions: eluent, 3 mM sodium carbonate; 
flow-rate, 2 mL/min; suppressed-conductivity detection. Peaks: 1. iodide, 2. tetrafluoroborate, 
3. thiocyanate. (Adapted from Ref. 31 with permission. Courtesy of Dionex.) 


4.3.4.3 Role of the type of ion-exchange site 


Different types of ion-exchange sites can be produced through the functionalization 
of the base monomers. By convention, ion exchangers are classified according to their 
type of functionality (i.e., ion-exchange site). Cation exchangers are broadly classified 
into strong acid (e.g., sulfonate) and weak acid (e.g., carboxylate), whereas anion 
exchangers can be classified into strong base (e.g., quaternary ammonium) or weak 
base (e.g., tertiary amine) types. Strong-acid/base ion exchangers retain their capacity 
over a wide pH range, since the ion-exchange site remains fully charged as the pH is 
varied. Conversely, weak-acid/base ion exchangers undergo changes in capacity with 
pH. Anion-exchange separations are usually performed on quaternary ammonium 
stationary phases. Selectivity variations in these materials are introduced through 
changes in the structure of the ion-exchange site, rather than through the type of ion- 
exchange site (Sec. 4.3.4.4). However, cation-exchange selectivity is usually altered 
through the use of different types of functional groups (e.g., sulfonate, carboxylate, 
phosphonate). 

The effect of the type of ion-exchange site on the selectivity in cation-exchange 
chromatography is illustrated by the retention data obtained on three cation 
exchangers, differing only in their functionality. Table 4.5 shows the retention 
observed on sulfonated, phosphonated, and carboxylated cation exchangers as a 
function of the eluent concentration. An eluent of 5 mM MSA can elute only the singly 
charged metals, regardless of the functionality of the cation exchanger. However, there 
are some subtle selectivity changes between the different functionalities. For example, 
NH? is eluted near Na* from the carboxylated resin, closer to K* from the sulfonated 
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TABLE 4.5 


RETENTION DATA FOR CATIONS ON THREE GRAFTED CATION EXCHANGERS WITH 
METHANESULFONIC ACID (MSA) ELUENTS OF VARYING CONCENTRATION. N, NOT 
ELUTED. (ADAPTED FROM REF. 31.) 


Eluent Column Retention time (min) 
Lit Nat NH? Kt Mg? Ca?* 
5 mM MSA Sulfonated 11.7 13.8 19.8 23:1 N N 
Phosphonated 4.4 44 Sf 5.2 N N 
Carboxylated 5.0 6.3 7.2 9.8 N N 
10 mM MSA Sulfonated 5.5 6.4 8.2 9.3 N N 
Phosphonated 3.0 3.0 3.6 3.4 N N 
Carboxylated 2.8 3.3 3.5 4.2 6.5 7.6 
25 mM MSA Sulfonated 3.1 3.6 4.4 5.0 N N 
Phosphonated 25 2.5 2.7 2.7 9.7 13.2 
Carboxylated 2.2 2.5 2.5 26h oe | Ze]: 
100 mM MSA Sulfonated 2:2 2.2 2.4 2.4 13.2 22.8 
Phosphonated 22 2.2 22 2.2 21 2.9 
Carboxylated 2.0 2.0 2.0 2.0 2.0 2.4 


resin, and after K* from the phosphonated cation exchanger. One of the primary uses 
of cation exchange is the separation of NHq from Na* and K* [46]. Elution of 
divalent species can be accelerated by increasing the eluent strength, but success of 
this approach is highly dependent on the functionality of the cation exchanger. 
For example, divalent cations are not eluted from the sulfonated cation exchanger until 
an eluent strength of 100 mM MSA is used. However, resolution of the singly charged 
ions is completely sacrificed in the process. Clearly, sulfonated cation exchangers 
are ill-suited for the simultaneous determination of singly and doubly charged cations. 
The divalent cations are eluted at a much lower eluent strength (25 mM MSA) from 
the phosphonated cation exchanger. However, as is the case with the sulfonated cation 
exchanger, resolution of the singly charged ions is unsatisfactory. The best overall 
separation is obtained with the carboxylated cation exchanger at an eluent strength of 
only 10 mM MSA. Thus, carboxylated cation exchangers are frequently used for the 
simultaneous determination of singly and doubly charged cations. This is seen for 
the Dionex IonPac CS12A and Metrohm Metrosep C 2-250 columns in Table 4.4. 
A separation of the six common cations on a mixed carboxylated/phosphonated 
stationary phase is shown in Fig. 4.8. Sulfonated cation exchangers are usually 
employed for the separation of transition metals and lanthanides with complexing 
eluents (Sec. 4.3.3.1). Examples of sulfonated cation exchangers for the separation of 
transition metals in Table 4.4 include the Metrohm Nucleosil 5SA and the Dionex 
IonPac CS5. 
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Fig. 4.8. Separation of univalent and divalent cations on a carboxylated stationary phase. 
Experimental conditions: column, Dionex IonPac CS12A (150 X 3 mm); eluent, 33 mM MSA; 
flow-rate, 0.5 mL/min; injection, 25 wL; suppressed-conductivity detection. Peaks (in mg/L): 
1. Lithium (0.12), 2. sodium (0.5), 3. ammonium (0.62), 4. potassium (0.25), 5. magnesium (0.62), 
6. calcium (1.25). (Courtesy of Dionex Corporation.) 


4.3.4.4 Role of the structure of the ion-exchange site 


The previous section showed that the functionality of an ion exchanger has a profound 
effect on the selectivity of a separation. However, the structure of an ion-exchange site 
can also have a significant effect on selectivity. This is especially true for anion 
exchangers, since there are a number of possibilities for varying the structure of the 
ion-exchange site. Changes in the structure of quaternary ammonium functional groups 
(—NR#) are introduced through their alkyl chains. For example, a quaternary ammonium 
group can be made bulkier and more hydrophobic by lengthening some or all of the alkyl 
chains. Alternatively, an ion-exchange site can be made hydrophilic through the 
incorporation of an alcohol functionality (e.g., an alkanolamine). The possible variations 
in the structure of an anion-exchange site may seem endless, but fortunately, a few 
generalizations can be made. Firstly, the retention of hydrophilic, polyvalent anions (e.g., 
SO% and HPO%_) decreases as the size of the functional group increases (e.g., on going 
from a methyl to an ethyl substituent). This is because the charge density of the ion- 
exchange site decreases as it becomes larger. Thus, coulombic attraction between the 
solute and ion-exchange site is not as strong. Hydrophilic monovalent anions (e.g., Cl) 
show a small increase in retention as the size of the ion-exchange site increases. For the 
separation of chaotropic anions (e.g., I', SCN , ClO,), the hydration of the ion- 
exchange site is of utmost importance. Usually, there is an increase in the retention of 
these ions as the ion-exchange site becomes more hydrophobic (less hydrated). However, 
the opposite is true if the eluting ion is more chaotropic than the solute (e.g., 
p-cyanophenol). 

Another variation of the structure of an ion-exchange site is seen in the hydroxide- 
selective stationary phases, such as the Dionex IonPac AS16 in Table 4.4. This 
variation is produced through the incorporation of alkanolamine functionalities in the 
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ion-exchange site. Hydroxide is the preferred eluting ion for suppressed-conductivity 
detection, owing to its very low conductance after suppression (Sec. 4.2.3) and the 
ability to generate OH on-line (Sec. 4.2.2.3). However, OH is one of the weakest 
eluting ions for conventional [e.g., —N(CH;)7] anion exchangers. The reason for this is 
that OH is a highly hydrated ion and, as such, prefers to stay in the mobile phase 
where water of hydration is relatively accessible [47]. The incorporation of 
alkanolamine functionalities in the ion-exchange site makes it more hydrophilic, and 
increased amounts of water will form hydrogen bonds with the site. Consequently, 
more water of hydration is now available in the stationary phase, and the hydration of 
hydroxide is not as extensively disturbed when it enters the stationary phase. This 
phenomenon makes hydroxide a much stronger eluting ion for these hydrophilic 
stationary phases. This is illustrated in Table 4.6 [47]. Retention factors for the 


TABLE 4.6 


RETENTION FACTORS WITH 100mM SODIUM HYDROXIDE AS ELUENT. (ADAPTED 
FROM REF. 47.) 


Column Analyte 

F- cl” Br NO; ClO; SOx” PO} 
Methyldiethanolamine 0.06 0.24 0.92 1.1 1.0 0.2 0.31 
Dimethylethanolamine 0.14 1.1 4.5 5.0 4.9 3.0 6.7 
Trimethylamine 0.30 4.4 19.2 22.5 21.2 51.4 > 100 
Triethylamine 0.30 5.8 26.1 55.8 35.7 24.9 > 100 


conventional stationary phases (i.e., trimethylamine and triethylamine functionality) 
with 100 mM OH as eluent are rather large. As the anion exchange-site becomes more 
hydrophilic, i.e., in going from the triethylamine to methyldiethanolamine functionality, 
the retention factors for all anions show a significant decrease. This is due to the 
enhanced selectivity for OOH shown by these stationary phases, thus effectively making 
hydroxide a stronger eluting ion. 

Hydrophilic stationary phases (e.g., methyldiethanolamine and dimethylethanolamine) 
are particularly well suited to the separation of chaotropic ions (e.g.,[°, SCN” and ClO, ), 
since they are hydrated to a greater extent than trialkylammonium stationary phases. This 
results in reduced retention of chaotropic anions for several reasons: Firstly, these 
stationary phases show a higher selectivity for hydroxide than for analyte ions. Secondly, 
the interaction of chaotropic anions with the anion-exchange site through water structure- 
enforced ion pairing (Sec. 4.3.2) is greatly diminished as the hydration of the stationary 
phase ion is increased [34]. 
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4.3.5 Alternative modes of separation 
4.3.5.1 Cryptand columns 


Stationary phases made from macrocyclic ligands (cryptands) offer new possibilities 
for selectivity control in IC [48]. The unique property of these cryptand columns is their 
ability to vary the column capacity (and therefore the retention of ions) on the fly, by 
simply changing the mobile-phase cation from Nat to Li* to K*. In this column the 
positively charged functional group is created by complexation of the metal with the 
cryptands on the stationary phase. Different cations are complexed by the cryptand to 
differing degrees (Lit < Na* < K*). Switching from Na‘ to Li*, for example, reduces 
the ion-exchange capacity of the stationary phase, since there are fewer complexed metal 
ions and therefore fewer anion-exchange sites. This approach is analogous to gradient 
elution chromatography, and is termed “capacity gradient”. This column technology has 
recently been commercialized by Dionex Corporation [49]. The cryptand-based columns 
are expected to have advantages over conventional anion exchangers in several key areas, 
e.g., the simultaneous separation of the common inorganic anions and chaotropic anions 
and the separation of common anions in concentrated acids [49]. 


4.3.5.2 Ion exclusion 


Ion-exclusion chromatography is predominantly based on electrostatic repulsion, 
rather than electrostatic attraction, which is typically used in ion-exchange chromatog- 
raphy [50]. Thus, ion exclusion provides a significantly different selectivity, strong-acid 
anions (Cl , S07, NO; ) being eluted in the void-volume of the column and weak-acid 
anions (e.g., acetate, lactate) being retained. The degree of retention is determined by the 
analyte pK, and size and by secondary adsorption on the stationary phase. Within an ion- 
exchange column there are three phasic regions: The first is the flowing eluent that passes 
through the interstitial channels between the particles. This is the mobile phase in ion 
exclusion. The second is the polymeric network of the resin material itself. For a cation 
exchanger, this network will possess a strong, fixed anion charge. The third phase is the 
liquid occluded within the pores of the resin. The occluded (stagnant) liquid (and to a 
secondary degree the polymer resin network) is the stationary phase in ion exclusion. 
The ion exchanger carries fixed, nonmoving charges (anionic for a cation exchanger). To 
maintain electroneutrality, these fixed charges are balanced by an equal number of freely 
diffusing counter-ions (cations in this case). Thus, inside an ion-exchange resin bead 
there is in essence an extremely concentrated electrolyte solution. Outside the bead, there 
is a dilute electrolyte solution. The concentration gradient generates a driving force for 
the counter-ions to diffuse out of the resin bead. However, the diffusion of counter-ions 
to the solvent outside the bead quickly sets up a strong (anionic) Donnan potential which 
draws the counter-ions (cations) back into the bead. A secondary effect of this Donnan 
potential, however, is to repel ions of the same charge as those fixed on the ion 
exchanger (anions). 
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Thus, if a cation-exchange resin is used for ion exclusion, strong-acid anions, such as 
Cl”, SOZ, and NO3, are strongly repelled by the Donnan potential and cannot enter the 
stagnant liquid within the bead pores. As a consequence, these ions are eluted in the void 
volume, which corresponds to the interstitial volume of the column (Vinterstitial)- 
Alternatively, small neutral analytes experience no Donnan exclusion and therefore 
diffuse freely between the moving interstitial liquid and the stagnant occluded liquid. 
Thus, neutral analytes are eluted in the total permeation volume, which is equivalent to the 
dead-volume of a normal chromatographic column, (Vpermeation); Consisting of both the 
interstitial and the occluded liquid volumes. Alternatively, if the analyte is a weak acid 
(pK, = 2.5-—6.5) and the eluent pH is near the analyte pK,, a portion of the analyte will be 
in the neutral, protonated form. This neutral acid (HA) is not repelled by the Donnan 
potential, and can therefore diffuse into the occluded liquid within the bead. Thus, 
migration of the weak acid is retarded relative to that of a strong-acid anion, which remains 
in the moving interstitial liquid. The ionized (A) and neutral (HA) forms of the acid are in 
constant equilibrium, so that the effective negative charge of the acid is a function of the 
acid dissociation constant of the analyte (pK,) and the pH. On this basis, retention in ion 
exclusion is given by [51] 


Vetuted = Vinterstitial Te KaVocetuded (4.14) 


where K, is the distribution coefficient, which ranges from 0 to 1. This is the same equation 
as the one that governs retention in size-exclusion chromatography (Chap. 5). Thus, as in 
size-exclusion chromatography, the columns used for ion-exclusion chromatography are 
larger than other IC columns (e.g., Dionex IonPac ICE-AS6 in Fig. 4.9 is 9 X 250 mm). 
Assuming that elution behavior is based solely on ion exclusion, the distribution 
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Fig. 4.9. Ion-exclusion separation of low-molecular-weight carboxylic acids. Experimental 
conditions: column, Dionex IonPac ICE-AS6; eluent, 0.4 mM heptafluorobutyric acid; flow-rate, 
1.0 mL/min; injection volume, 50 wL; detection, suppressed conductivity. Peaks (pK,): 1. oxalic, 
5.0 mg/L (1.23, 4.19); 2. tartaric, 10 (2.98, 4.34), 3. citric, 15 (3.14, 4.77, 6.39); 4. malic, 20 (3.40, 
5.11); 5. glycolic, 10 (3.83); 6. formic, 10 (3.75); 7. lactic, 10 (3.86); 8. hydroxyisobutyric (HIBA), 
30 (4.71); 9. acetic, 25 (4.76); 10. succinic, 25 (4.16, 5.61). (Courtesy of Dionex Corporation.) 
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coefficient in Eqn. 4.14 is given by 


Cy+ 


Ky, = os 
Cy+ + Ky 


(4.15) 
where C;+ is the hydronium concentration provided by the strong-acid eluent (e.g., 
sulfuric acid, octanesulfonic acid, or heptafluorobutyric acid) and K, is the first- 
dissociation constant of the analyte. To a first approximation, then, the elution order of an 
ion-exclusion column is in reverse order of analyte pK,. This general trend can be seen in 
Fig. 4.9. This separation was performed at pH 3.4, dictated by the 0.4 mM heptabutyric 
acid eluent. Oxalic acid (pK, = 1.23) is fully deprotonated and eluted in the dead-volume, 
along with any other strong-acid anions. The rest of the carboxylic acids are partially 
ionized and thus are somewhat retained by the column and generally follow the inverse 
dependence on pK,, predicted by Eqn. 4.15. Acid strength can be used to alter the position 
where an acid is eluted within the elution window (Vinterstitia? tO Vpermeation)» but 
generally pH-based selectivity changes are only observed for multiprotic acids with 
second-dissociation constants close to their pK,, (e.g., fumaric pK,,; = 3.03, 
PKa2 = 4.44). 

Secondary effects that alter retention in ion-exclusion chromatography are size- 
exclusion effects and adsorption on the stationary phase. Size exclusion (Chap. 5) 
restricts the access of larger analytes to the occluded liquid in the pores of the stationary 
phase. This results in lower retention of larger solutes than expected on the basis of pK, 
alone. The lower the percent cross-linkage of the stationary phase, the more open 
the structure and the more permeable it is to higher-molecular-weight substances. For 
small-molecule separations, an 8% cross-linked polystyrene/divinylbenzene resin is 
generally used (e.g., Dionex IonPac ICE-AS6 or Aminex HPX-87), whereas for 
oligosaccharides, size-exclusion effects can become dominant and therefore lower 
degrees of cross-linking (e.g. 4%) are more effective. Adsorption is generally significant 
only for the neutral form of the analyte, given the much greater surface area which it 
can access. The distribution coefficient is then modified by an additional partition 
coefficient, Kp 


Ki = KK, (4.16) 


This adsorption results in an increase in retention of the analytes beyond that predicted 
on the basis of pK,, potentially even beyond the total permeation volume. Typically, 
adsorption is based on hydrophobicity, so that longer-chain carboxylic acids show 
greater retention than shorter-chain acids of comparable pK, [50]. Addition of organic 
modifiers, such as methanol or acetonitrile will decrease the retention of large 
hydrophobic acids, while leaving smaller acids unaffected. Alternatively, some 
manufacturers add a hydrophilic functionality to the ion-exclusion column to minimize 
this secondary retention mode and potentially induce hydrogen-bonding interactions 
with hydroxylated acids. 

As illustrated in Fig. 4.9, the primary application of ion-exclusion chromatography 
is the determination of mixtures of carboxylic acids. In addition, ion exclusion can be 
used for separating other weak-acid analytes, such as sulfite (pK,,; = 1.91), phosphate 
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(2.15), fluoride (3.17), borate (9.02), and cyanide (9.21). Alternatively, ion-exclusion 
chromatography can be used as a pre-treatment step in the determination of contaminant 
anions in concentrated solutions of weak acids, such as H3PO,, HF, and glycolic acid [52]. 
Strong-acid anions in a concentrated weak-acid solution will be eluted at the excluded 
volume of an ion-exclusion separation (i.e., with oxalic acid in Fig. 4.9). In contrast, the 
weak-acid matrix will enter the resin beads and be somewhat retained. Collection of the 
early-eluted ions and re-injection into an ion-exchange column allowed determination of 
100- to 1000-g/L levels of Cl”, NO3,, and SOZ” in 85% phosphoric acid and 10-300 wg/ 
L of Cl, NO;3, SOz, and HPO4 in 24.5% HF [52], although subsequently problems 
with SOx” contamination from the column and unstable HPO; recovery from HF 
solutions have been reported [53]. 


4.3.5.3 Electrostatic ion chromatography 


Electrostatic ion chromatography (EIC) demonstrates a selectivity that is distinct 
from that of typical IC [54]. The heart of EIC is a bifunctional stationary phase where 
cationic and anionic functional groups are in close proximity on the stationary phase, as 
shown in Zwittergent 3-14. The stationary phase may either possess permanent and 
balanced positive and negative functionalities [55], or the zwitterionic character can be 
induced by dynamically coating a reversed-phase column with a zwitterionic surfactant, 
such as 3-(N,N-dimethylmyristylammonio)-propanesulfonate (Zwittergent 3-14) [54]. 
The elution order in EIC is determined by chaotropic, rather than electrostatic effects 
[56]. In essence, these ions interact with water less than water does with itself. 
The chaotropic nature of ions is empirically ranked in the Hofmeister series [57]. 
Strongly chaotropic ions are typically hydrophobic (e.g., p-cyanophenol) or polarizable 
(e.g., I), anions exhibiting much stronger chaotropic effects than cations. In EIC, the 
separation selectivity (Eqn. 4.17) follows the order of increasing chaotropic nature 
(Hofmeister series) [55,56,58]. 


SO}, < F< Cl <NO; <CNO” <Br <NO; «ClO; «I «SCN «CIO; 
(4.17a) 


Rbt = Cst = Kt = 0 < Nat < Li? < Mg”? < Ce*! (4.17b) 


The more chaotropic the anion, the greater is its retention. This is evident in Fig. 4.10 
[59]. Cations are less chaotropic, so that the ion association constant for trivalent Ce*t 
is about the same as that of monovalent NO3 [58]. 

The eluent also plays a unique role in EIC. Pure water can be used as an eluent [60]. 
With pure water, ions are eluted as “ion pairs”, in every possible combination. For 
instance, injection of NaCl and KNO3 would result in four peaks (NatCl’, K*CL, 
NatNO3, K*NO3). Nonetheless, useful analytical results may be obtained with pure 
water as mobile phase, by converting all samples to a constant cation or by using a suitable 
electrolyte as eluent [60]. Addition of as little as 1 mM electrolyte (e.g., NazSO4, NaCl, or 
NaClO,) is sufficient to change retention in EIC [56]. However, there is no further change 
in ion retention, as the electrolyte concentration in the eluent is further increased. This is 
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Fig. 4.10. Electrostatic ion chromatography of inorganic anions. Experimental conditions: column, 
4.6 X 250 mm, 5-um polymeric ODS material, pre-equilibrated with 30 mM Zwittergent 3-14 for 
1h; eluent, 10 mM NaHCOs; flow-rate, 1.0 ml/min; injection, 100 wL of 0.1 mM of each anion in 
the Nat form; detection, suppressed conductivity. Peaks: 1, sulfate; 2, chloride; 3, nitrite; 4, bromide; 
5, nitrate; 6, chlorate; and 7; iodide. The peak due to thiocyanate was eluted at a retention time of 
378 min. (Reprinted from Ref. 59 with permission.) 


contrary to typical ion-exchange behavior (Eqn. 4.12), but consistent with a mechanism 
whereby retention is governed by chaotropic behavior rather than electrostatics. Retention 
in EIC is determined by the nature of the eluent electrolyte rather than the eluent 
concentration. It has been proposed that the eluent electrolyte affects retention through 
ion-exclusion effects [56]. The sulfonate group on the outer part of the zwitterionic 
stationary phase (Fig. 4.11a) [56] contributes a negative charge that repels analyte anions 
by acting as a Donnan membrane. However, the magnitude of this negative charge (and 
thus the degree of repulsion created by the Donnan membrane) depends on the uptake of 
eluent ions by the zwitterionic surface. If the electrolyte contains a strongly chaotropic 
cation (divalent or trivalent), this will diminish the charge of the Donnan membrane, 
resulting in an increase in anion retention. Alternatively, if the electrolyte contains a 
strongly chaotropic anion (e.g., ClO4 ), the Donnan membrane potential will increase and 
anions will experience greater ion exclusion and thus less retention. The primary 
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Fig. 4.11. Stationary phase and mechanism of retention in electrostatic ion chromatography. 
(Reproduced from Ref. 56 with permission.) 
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consequences of retention being governed by a chaotropic rather than an electrostatic 
mechanism are: 

(a) a unique selectivity, where hydrophilic anions, such as Cl” and SO7_, are weakly 
retained, while ions high in the Hofmeister series (e.g., I, SCN , ClO, ) are 
strongly retained; and 

(b) retention which is insensitive to the ionic strength of the sample. 

As an example, traces of Br, NO3, and I” in sea water were determined by using 
Zwittergent 3—14 as eluent [61]. 


4.4 SAMPLE PREPARATION 


4.4.1 Concentration of trace analytes 


Ions in the mid-wg/L to mg/L (ppb to ppm) range can be determined using sample 
injections of 10-50 wL. To achieve detection limits below this level, sample pre- 
concentration is required. This may be accomplished by direct injection of large volumes 
that are concentrated at the head of the column (Sec. 4.4.1.1) or by using a small pre- 
concentration column. However, regardless of the pre-concentration technique used, 
successful determination of trace analytes is critically dependent upon the precautions 
taken to minimize contamination. The de-ionized water used for preparing rinse solutions, 
eluents, and standards should be free of measurable levels of ionic impurities, organic 
material, microorganisms, and particulate matter larger than 0.2 wm. Containers and 
volumetric ware should be made of polyethylene or some other inert material. Even brief 
exposure to conventional laboratory glassware results in significant contamination, 
particularly by sodium and silicate. All containers should be soaked for at least 24h in 
deionized water and rinsed several times prior to use. Disposable gloves, suitable for 
clean-room electronics, must be worn when handling apparatus that makes contact with 
eluent, standard, or samples. The total baseline shift between the beginning and the end of 
the gradient analysis should be no more than | wS. To ensure this, sodium hydroxide 
eluents should be prepared with minimal carbonate contamination or generated on-line 
(Sec. 4.2.2.3). In addition, a high-capacity anion-exchange column (1—3 meq) should be 
placed between the pump and the injector to trap anion contaminants. Finally, some 
systems require up to 5 h to achieve the baseline stability needed for the determination of 
trace analytes. Many users thus find it best to keep the system running continually. 


4.4.1.1 High-volume direct injection 


For ultra-clean samples, e.g., from the power or semi-conductor industries, sensitivities 
at the low- to sub-jg/L levels can be achieved by high-volume, direct-injection techniques 
[62]. This approach is attractive, as the sensitivity enhancement is achieved without the 
need for a concentrator column or loading pump and valve. Water alone is a very weak 
eluent in IC. Thus, when ultra-pure water is injected into an ion-exchange column, the 
trace ions are strongly retained at the head of the separation column, a process known as 
zone compression. Only after all of the sample matrix (water) has passed through does the 
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eluent finally reach the head of the column and starts eluting the ions. Direct injection of 
900 wL into a 2-mm-ID anion-exchange column and employing an isocratic hydroxide 
eluent yields detection limits ranging from 0.04 wg/L for F- to 0.35 wg/L for oxalate [62]. 
However, when high-volume direct injection is used, the peak corresponding to the water 
dip becomes very large. This makes quantification of early-eluted peaks by suppressed- 
conductivity detection challenging. For ions absorbing UV, direct absorbance detection 
can circumvent this problem. Nitrite determination has been performed in this manner, 
with injection volumes as large as 10-50 mL. However, a more general solution is the use 
of an OH gradient. In this manner, a 750-j.L sample provides sub-jg/L detection limits 
with linear calibration curves (R? > 0.99) [62,63]. Addition of corrosion inhibitors, such 
as ethanolamine (8 mg/L), morpholine (8 mg/L), boric acid (8 mg/L), or ammonium 
hydroxide (0.3 mg/mL) had no significant effect on peak efficiency, retention time, or 
calibration [62,63]. Trace cations in high-purity water can also be determined with 
high-volume direct injection. Injection of 1000 wL into a 2-mm-ID Dionex IonPac 
CS12A column yielded detection limits ranging from 0.007 ug/L for Lit to 0.05 ug/L 
for Ca?* [62]. 


4.4.1.2 Pre-concentrator column 


The most popular means of performing pre-concentration in IC is to use a pre-column, 
designed to retain trace levels of analytes from a large volume of sample [64]. This method 
is simple, convenient, and easy to automate. Furthermore, it enables performing routine 
analysis for ions at g/L (ppb) to ng/L (ppt) levels. However, it does require additional 
equipment (a concentrator column, sample pump, and an additional valve) not needed 
in direct injection. For pre-concentration, an accurately known volume of sample is 
passed through a small ion-exchange column (e.g., 2X 15 mm) with a syringe or a 
metered-sample pump. Analyte ions are trapped selectively on the concentrator column. 
A valve then switches the concentrator column to connect with the separation column. 
The capacity of the concentrator column is generally only a few percent of that on the 
separation column. Thus, the same eluent provides both rapid elution from the con- 
centrator column and sufficient retention for separation on the analytical column. 

In theory, the greater the volume of sample loaded onto the concentrator, the greater the 
sensitivity. However, if too large a volume is loaded onto the concentrator column, the 
sample is eluted from the concentrator by the sample matrix. The maximum sample 
volume that can be concentrated will thus be a function of the sample matrix. For instance, 
more than 45 mL of deionized water or | ppm ammonium in water can be reliably 
concentrated on an anion concentrator, but 20 mL of 1.2% boric acid is the maximum 
which can be concentrated [65]. Two procedures can be used to establish the maximum 
sample volume for a new application [65,66]. The first procedure involves performing a 
series of analyses with increasing volumes of injected sample. The peak height of the most 
weakly retained component is plotted against the volume concentrated. A negative 
deviation in this plot shows the volume at which the sample matrix starts to elute analytes 
from the column. The second method requires that the retention volume of the least- 
retained compound be calculated using a simulated sample matrix as the eluent. 
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This retention volume corresponds to the volume at which the matrix is eluting analytes 
from the column. Trace anions have also been determined in organic solvents such as 
2-propanol, acetone, and N-methylpyrrolidone using a pre-concentration column [67]. Five 
mL of organic solvent was passed through the pre-concentration column, which was then 
rinsed with distilled water to remove the organic matrix prior to a standard IC separation. 
The detection limits for Cl”, NO;, SOZ , and HPOZ were in the sub-wg/L range. 


4.4.2 Matrix removal 
4.4.2.1 Solid-phase extraction 


Small, disposable cartridges, containing 0.5—1.5 mL of highly selective, functionalized 
polystyrene resin, are a practical tool for matrix elimination. Samples are passed through 
these cartridges, using a disposable syringe, and the effluent is injected directly into the IC. 
Hydrophobic matrix components can interfere with IC analysis either by interfering with 
detection, or by altering retention, if they are strongly adsorbed on the column. Instead of 
ODS, polystyrene/divinyl benzene resins are used in solid-phase extraction (SPE) 
cartridges to remove hydrophobic species (e.g., surfactants, organic acids, proteins) 
because of the extreme pH of many of the samples. Strongly acidic or basic samples can 
cause baseline disturbances and retention-time changes by protonating/deprotonating 
analytes and ion-exchange sites. A strong-anion-exchange column in the OH form can be 
used to reduce the pH of acidic samples prior to injection. Since OH’ is weakly retained by 
anion exchangers, it is readily displaced by anions within the sample. The liberated OH ~ 
then neutralizes H* in the sample. However, the sample anions are retained on anion- 
exchange SPE cartridges. Thus, they can be used to remove or concentrate anions from the 
sample, to adjust the pH of samples for cation analysis, or to remove cations that form 
insoluble hydroxide salts. A strong-cation-exchange column in the H*-form can be used to 
reduce the pH of alkaline samples prior to analysis. Cations in the sample displace weakly 
retained H* from the column. The H* is consumed in the neutralization reaction with OH” 
from the sample. The net result is removal of hydroxide and an equivalent amount of cations 
from the sample. In effect, this is a column-based suppressor applied prior to injection. The 
use of membrane-based suppressors for neutralization is discussed in the next section. A 
cation exchanger in the H* form can be used in conjunction with a reversed-phase SPE 
cartridge to improve removal of organic acids. However, loss of weak-acid anions, such as 
nitrite (30—40%) or phosphate (13%), can occur upon passage through a H*-SPE column 
[68]. A cation-exchange SPE cartridge in the Na‘ form can be used to remove cations 
from the sample without altering the pH. Alternatively, more selective trapping of 
transition-metal cations can be achieved by using an iminodiacetate resin cartridge. 
This type of resin chelates transition metals, such as Cd" Mn?*, Fe*t, Fe? ace Co?*, Pb?*, 
Ni?*, At, Cut, Zn>*, and Ag*, at pH > 4, even in the presence of high amounts of 
sodium [69]. 

Removal of chloride and sulfate from the sample can be achieved by precipitating these 
anions with counter-ions provided by a cation-exchange SPE cartridge. For instance, if a 
halide solution is passed through a cation exchange SPE cartridge in the Ag* form, the 
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following equilibria occur 


Mi +Ag* =M* + Agi (4.18a) 
Ag’ +Cl =AgCh, log Ksp = 9.7 (4.18b) 


The metal (M,,,) in the mobile phase (sample) displaces the weakly retained Ag* from the 
stationary (Resin) phase, which can combine with the anion to form a precipitate (SP). 
Those ions which form an insoluble salt (log Ksp > 8) with Agt (e.g., Cl” and Br) are 
quantitatively removed, whereas ions such as F , NO3, phosphate, and SO} are 
recovered in >95% yield [68]. Since silver hydroxide readily forms under basic 
conditions, the pH of the samples must be below 8 for effective removal of halides. As 
with the H* form of the SPE resin, some losses in NO3 are experienced. Silver-containing 
SPE cartridges (SPE-Ag*) are not effective for removal of phosphate, although silver 
phosphate has a high Ksp (log Ksp = 17.6), since PO} is prevalent only at high pH. For 
the trace analysis of HPO; , recoveries of phosphate upon passage through a SPE-Ag* 
should be determined by standard addition. To avoid contamination of the separation 
column with Ag*, the SPE-Ag* is usually followed by a cation-exchange column in 
the H* form. Some two-layer disposable cartridges are now available which contain 
Ag*-form resin on top of Ht resin for both, removal of halide and conversion of the 
sample cation. 

Similarly, sulfate can be removed by using a cation-exchange SPE cartridge in the Ba’? 
form 


2M; + Ba?* = 2M} + Bar (4.19a) 


Bat +SO; =BaSOys) log Ksp = 10.0 (4.19b) 


However, unlike Ag* in SPE-Ag’, Ba’* is relatively well retained by the cation-exchange 
resin. This means that there must be sufficient cation in the sample matrix to displace the 
barium ion, i.e., ca. 200 mg/L Na* or 100 mg/L Ca**. If the cation content of the matrix is 
low, the sample can be spiked with calcium chloride and then successively passed through 
Ba?+-form, Ag*-form, and H*-form resin. The SPE-Ba** removes any SO7, the SPE- 
Ag* removes Cl, and the SPE-H* traps any re-dissolved Ag’ [70]. The BaSO, 
precipitate is soluble at low pH, and thus, SPE-Ba** cartridges are not very effective for 
removal of SOZ from sulfuric acid. The recovery of Cl-, NOz, and Br” was only 80- 
85%, when samples, containing 1000 mg/L SOZ , were passed through SPE-Ba*', 
presumably due to occlusion in the BaSO, crystals [68]. Since these recoveries are 
reproducible, they can be corrected by preparing standards containing the same SOZ_ 
concentration as the samples. 


4.4.3 On-line sample pre-treatment 


The SPE cartridges described above provide an effective means of dealing with a 
wide array of sample matrices. However SPE is performed manually off-line. Thus, it is 
both labor-intensive and unsuitable for automation. A number of other procedures have 
been developed for sample pre-treatment [71-73]. Acidic or alkaline samples can be 
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neutralized by passage through an on-line neutralizer prior to direct injection or 
pre-concentration [71,72]. These neutralizers are based on the suppressor technologies 
described in Sec. 4.2.3. Using such neutralizers, single-digit wg/L detection limits have 
been achieved for Cl , NO., Br , NO3, S04 , and HPO; in 29% (w/w) ammonium 
hydroxide [53,74] and 25% trimethylammonium hydroxide (TMAOH) [74]. Weak-acid 
anions, such as F- and NO, would not be expected to be amenable to this approach, 
as HF and HNO, would be lost via diffusion through the membrane. However, 
recoveries reported for NO; have been near-quantitative. Leaching of Cl , and 
particularly SO; , can result in elevated blanks for these anions. However, cleaning of 
the neutralizer with 0.5 M NaOH for several hours, followed by a 1-h rinse with 
distilled water minimizes this background. Similarly, cations at the low- to mid-wg/L 
level can be determined in concentrated (up to 25%) HF, H2SO,4, and H3POq,, using a 
self-regenerating (electrochemical) membrane suppressor [71]. HCl, HClO,4, and HNO; 
matrices damage the membrane either directly or indirectly (via electrolysis products). 
Weak-base analytes, such as ammonium and amines, yield low recoveries (50%), due to 
diffusion of the non-ionized weak base through the membrane. Near-quantitative 
recoveries have been achieved for NH? in HCl and H>SO, using column-based 
suppressors [72-74]. 

Passive diffusion can be used to eliminate macromolecular matrix components. The 
sample, pumped into a flow-through dialysis cell, passes over a cellulose acetate 
membrane with 0.2-~m pores. Species below a certain mass diffuse across the 
membrane into a stationary acceptor solution. After about 5 min of dialysis time, the 
ion content of the acceptor matches that of the sample, but the matrix is much 
simplified. This acceptor solution is then introduced into the column. In this manner, 
standard anions and cations were readily determined in complex matrices, such as 
milk, untreated wastewater, engine coolant, and multi-vitamin tablets, with >87% 
recovery and no long-term decrease in column performance [73]. “Two-dimensional” 
or “heart-cut” chromatography can also be used to remove the sample matrix [75]. The 
sample is injected into a chromatographic column and, at a specific time, the effluent 
containing the component of interest is passed into a second column through a column- 
switching valve. This procedure works best when the sample matrix is of a consistent 
composition and does not permanently affect the column performance. Enhanced 
performance can be achieved by using two different separation modes in the two 
columns [52]. 


4.5 FUTURE DIRECTIONS 


4.5.1 High-speed analysis 


In recent years, high-speed separations have been of great interest in reversed-phase 
liquid chromatography, and another subject of intense development is the on-line 
monitoring of chemical processes (Sec. 4.5.2). Savings in analysis time have been achieved 
in HPLC mainly through shortening of the column with a simultaneous decrease in particle 
size (3 wm or less). However, IC columns are packed with rather large (> 5-.m) particles. 
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This is the main reason why IC routinely cannot be performed in less than a minute — yet. 
Nevertheless, significant reductions in analysis time have already been achieved by 
Connolly and Paull [76—78]. They employed a 30 X 4.6-mm-ID reversed-phase column, 
packed with 3-.m particles for the ion-interaction separation of nitrite and nitrate in less 
than 45 s. Refinements in their technology resulted in a 2.5-min separation of 9 common 
anions. Furthermore, Hatsis and Lucy [79,80] have shown the applicability of monolithic 
columns in IC with separations of the common anions in less than | min. 


4.5.2 Process and field analysis 


On-line HPLC never achieved widespread acceptance in industry, partly due to the cost 
of purchase and disposal of solvents, and hazards of flammable solvents. In contrast, 
eluents in IC are nonflammable aqueous solutions, and the waste (after suppression) is 
essentially distilled water. Further simplification of operations can be achieved with on- 
line eluent generation (Sec. 4.2.2.3). Thus, it is not surprising that on-line IC has been 
much more readily accepted by industry than its RP-LC counterpart. The Dionex DX-800 
and Metrohm-Peak Models 811 and 821 are IC systems specifically designed for 
production environments. These systems can monitor one or up to 10—21 different process 
streams and offer low-yg/L detection limits for anion and cation analyses with direct 
injection. Samples with lower concentrations can be monitored by using a pre- 
concentrator column (Sec. 4.4.1.2), whereas those with higher concentration are diluted 
on-line. On-line IC has been used for a variety of process applications [81], including 
monitoring: ultra-pure water in nuclear power plants for corrosive ions, such as chloride 
and sulfate [82]; various process and wastewater streams for anions and cations [83]; 
organic acids that are starting materials in the production of nylon [84]; and organic 
additives in plating baths used for manufacturing semi-conductor wafers [84]. 

A fully automated instrument for field measurements of acid gases and soluble anionic 
constituents of atmospheric particulate matter has recently been developed [85]. Acid 
gases include SO, HCl, HF, HONO, HNO3, CH3SO3H, and various organic acids. The 
instrument incorporates two sample-collection manifolds (for soluble acid gases and 
particulates) and an IC system. Detection limits in the low- to sub-ng/m* range of 
concentrations of most gaseous and particulate constituents are readily attained, and the 
suitability of the instrument for field analysis has been extensively tested. A computer- 
controlled, field-portable, capillary IC system has also been developed [86]. The entire 
instrument (excluding laptop controller) fits into a standard briefcase and weighs only 
10 kg. Detection limits are comparable to those of laboratory IC systems, while mass 
detection limits are more than 100 times lower than for standard systems. Pre- 
concentration can also be performed. 
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Size-exclusion chromatography 
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5.1 INTRODUCTION 


Size-exclusion chromatography (SEC), also called gel-permeation chromatography, 
molecular-sieve chromatography, or gel filtration, separates molecules according to their 
size. The term “gel permeation” is commonly used in polymer science for non-aqueous 
separations. Molecules of different size penetrate well-defined pores of column beads, 
where they are retained to various degrees. Smaller molecules are retarded on the column, 
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while larger ones are eluted more rapidly. As the retention time can be directly correlated 
with the size of molecules, this method is particularly useful for the determination of 
molecular weight. Since the current IUPAC recommendation still accepts terms 
such as molecular weight, molar mass, and molecular mass, they will equally appear in 
this text. 

The use of size-exclusion phenomena for the separation of natural polymers had 
been already discussed in the late 1940s when materials, such as zeolites, charcoal, 
and ion-exchange resins were developed as sorbents. However, it was not until the 
middle of the 1950s that size-exclusion chromatography appeared in the literature 
[1,2], with starch as the column material. This was followed by a period of intensive 
activity at Uppsala University [3-8], where in 1959 Porath and Flodin [9] produced 
cross-linked dextran, which was commercialized by Pharmacia as Sephadex, and in 
1962 Hjertén and Mosbach [10,11] developed cross-linked polyacrylamide (Biogel P) 
and agarose (Sepharose). During the same period, Polson [12] reported that agar was 
also a suitable column material for separating natural polymers. Since then, a large 
number of separation media have been developed, and these will be described in 
greater detail in this chapter. General reviews on SEC, including theory, equipment, 
and instrumentation can be found in Refs. 13-17. 

SEC is now generally applicable to the separation of molecules in the range between 
0.5 and 1000 kDa, but larger proteins or other giant molecules can also be separated [18]. 
Moreover, SEC can also physically separate folded, from unfolded macromolecules, 
particularly in the case of slow equilibria [19]. The major applications of SEC include the 
determination of molecular weight and molecular-weight distribution (polydispersity) of 
natural and synthetic polymers. Separation strongly depends on many factors, among them 
column packing, column dimensions, flow-rate, sample volume, and mobile-phase 
composition. These parameters may substantially contribute to the quality of separation 
and possible errors, such as band-broadening and decreased resolution. This effect was 
observed by Busnel et al. [20] with standards having very narrow molar mass distribution. 
Mapping of band-broadening was observed for different column sets. These aspects were 
also studied in detail by Ricker and Sandoval [21], who presented practical guidelines for 
the development of reproducible SEC methods, based upon optimized sample volume, 
flow-rate, column length, and mobile-phase conditions that reduce nonideal SEC behavior 
— parameters often ignored in this type of separations. Adjustment of these factors 
frequently results in more accurate elution times, more precise determination of molar 
mass, sharper peaks for improved resolution and shorter run times for increased 
throughput. In general, sample volume and flow-rate should be kept to a minimum for 
optimal resolution. Increasing column length improves resolution and may be achieved by 
connecting columns in tandem. Adjustment of the mobile-phase conditions can 
significantly enhance resolution, but results are difficult to predict, because unique 
sample properties play a major role in this interaction, as does the column packing. 
Whenever possible, ionic strength and pH of the mobile phase should be adjusted until 
the peak(s) of interest are eluted at the expected time and with good peak shape. 
Finally, the use of smaller-diameter columns (i.e., 4.6 mm rather than 9.4 mm ID) and 
packings of smaller particles (4—5 sm) may also be considered. These factors will be 
described below. 
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5.2 THEORY 


SEC is defined as the differential elution of solutes, from a bed of a porous 
chromatographic medium, caused by different degrees of steric exclusion of sample 
molecules from the pore volume of the molecular size of solutes. Thus, in SEC, solutes are 
eluted strictly according to decreasing molecular size, and the maximum available volume 
for separation is equal to the total pore volume of the packing medium. The retention 
volume, Vp, is given by 


Vr = KpVp + Vo (5.1) 


where Kp is the distribution coefficient, i.e., the available pore fraction (ranging from 0 to 
1), Vp is the pore volume of the packing medium, and Vo is the extra-particle void volume. 
The relative pore volumes of packing media vary from 50% for silica-based materials to 
over 95% for semi-rigid polymer-based media. Since the separation volume is limited in 
SEC, the calculation of peak capacity can be reduced to 


nR, = 1+ Vp/V,N/16)'/? /R, (5.2) 


where ng is the number of peaks separated with a resolution of Rs, V, is the total liquid 
volume of the column (i.e., Vp + Vg), and N is the maximum number of theoretical plates 
of the column. The peak capacity of SEC columns is often cited as 


n=1+0.2N!/? (5.3) 


However, this equation is valid only if N has the same value for all solutes, which is not the 
case for macromolecules. That is why Giddings [22] suggested that an average plate count 
could be assumed in the calculation. From these equations and the statements above one 
can conclude that the peak capacity of a SEC column is much smaller than that for many 
other liquid chromatography (LC) columns. There is also little or no advantage, with 
respect to separation efficiency, in using a smaller-sized packing material in SEC, since the 
pore volume then decreases and the column length is often shorter. The only gain would 
thus be in separation speed. This could, of course, be very important in multiple 
separations, where processing speed needs to be high. Another point to consider is that 
zone-broadening in SEC is diffusion-controlled. That is why factors affecting the total 
diffusion time (i.e., column length, the diffusivity of the solute, which is 10-100 times 
slower for macromolecules than for small inorganic molecules) and the diffusion distance 
(i.e., pore and particle size of the packing media) are crucial. Other factors to be 
considered include the sample volume, which should typically be smaller than 0.2% of the 
total bed volume in order to avoid peak-broadening. There are also some simple “rules of 
thumb” regarding sample concentration in SEC, which generally should not exceed ca. 
70 mg/mL for a globular protein, 5 mg/mL for a dextran with an average molar mass of 
100 kDa, and 10 mg/mL for a dextran of 10 kDa. 

Practical aspects of SEC, including instrumentation and troubleshooting, have been 
described in a recent review by Titterton [23]. Since no gradients are used in SEC, the 
chromatographic equipment can be rather simple. For optimal results, packing of the 
column must be carried out very carefully. The volume of the loaded sample should not 
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exceed 5% of the column volume for preparative runs and 1% for analytical applications. 
For production-scale separations, column diameters up to 30 cm and gel-bed lengths up to 
120 cm are recommended. 

In protein separations, the resolution is not correlated with the total amount of protein 
loaded onto the column. Thus, highly concentrated protein samples will give the best 
separations. However, in the case of carbohydrates, resolution is likely to be affected by 
molecular interactions if the sample concentration is too high. It should be noted that SEC 
columns are not able to concentrate samples, in contrast to some other LC columns. On- 
line sample treatment for or by column liquid chromatography has been discussed by 
Brinkman [24]. 

A recent review by Winzor [25] summarized the theory of SEC and described the 
development of chromatographic techniques for the determination of reaction stoichio- 
metry and equilibrium constants for solute interactions of biological importance. Gel 
chromatography, affinity chromatography, and studies of interactions by biosensor 
technology were reviewed in detail. A general stochastic theory of SEC, which can 
account for size dependence on both pore ingress and egress processes, moving-zone 
dispersion, and pore-size distribution, has recently been developed by Dondi et al. [26]. A 
unified theory for gel electrophoresis and gel filtration was presented earlier by Rodbard 
and Chrambach [27], who later published on kinetics of hormone/receptor and antigen/ 
antibody interactions. A quantitative theory for gel-exclusion chromatography also arose 
from the studies of Polson and Katz [28]. 

Calculations of the hydrodynamic permeability of gels and gel-filled microporous 
membranes have been published by Mika and Childs [29]. A model was developed by Rill 
et al. [30] to simulate SEC separations of globular proteins on templated gels. In this study, 
it was assumed that the partition coefficient for sieving of a protein is equal to the fraction 
of gel volume accessible to a sphere with a radius equal to the Stokes radius of the protein. 
An interpretation of virial coefficients, reflecting thermodynamic nonideality in 
incompressible solutions of a single macromolecular species for which there is no 
volume change on mixing, has been reported by Wills and co-workers [31]. The findings 
were discussed in relation to the results obtained by osmometry, isopiestic measurements, 
equilibrium dialysis, gel chromatography, and sedimentation equilibrium. This group has 
also reviewed the quantitative characterization of biospecific complex formation [32]. The 
merits of frontal gel chromatography, electrophoretic methods, and affinity chromato- 
graphy were discussed and theoretical and experimental studies have been made on the 
advancing elution profile in frontal gel chromatography [33]. A study of multiple 
polymerization equilibria by glass-bead exclusion chromatography with allowance for 
thermodynamic nonideality effects has also been reported [34]. Thermodynamic 
nonideality and the dependence of partition coefficients upon solute concentration were 
studied by Minton [35]. A gel-chromatographic procedure that corrects for Donnan effects 
in studies of ligand binding was discussed by Jordan et al. [36]. The origin and 
consequences of concentration dependence in gel chromatography were reported by 
Nichol and co-workers [37] and Winzor and Nichol [38], while Hibberd et al. [39] 
discussed an experimental and theoretical investigation of boundary spreading in gel 
chromatography. An interesting paper has recently been published by Brooks et al. [40], 
where an alternate picture proposes that the partition coefficient can be calculated from a 
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thermodynamic model for the free energy of mixing of the solute with the gel phase. Size- 
dependent exclusion, caused by the unfavorable entropy of mixing, associated with the 
partition was predicted, the magnitude of the effect being modified by enthalpic 
interactions between the solute and the gel phase. This concept has been extended to 
describe the partition of macromolecules into a layer of terminally attached polymer 
chains, grafted onto a solid bead. 


5.3 COLUMNS 


Several excellent reviews summarize the properties and applications of various column 
packings, both inorganic-based and polymeric-based stationary phases [41,42]. Porous 
glass was one of the first new-generation rigid packings for SEC [43], as opposed to the 
soft gels. However, there were problems in its use, not the least of which was a tendency to 
irreversibly adsorb polar solutes, due to the presence of charged sites in the silicate matrix 
of the glass. Such packings were later superseded by silica-based materials, in which the 
charged sites had been deactivated by the use of an inactive bonded phase. Commercially 
available SEC particles are not homogenous in their size. Therefore, their separating 
capability is lower than expected. Ekman et al. [44] have described a simple and efficient 
method, called dried elutriation, to separate Sephadex beads of narrow size distribution. 

Hjertén and Eriksson [45] studied the high-performance molecular-sieve chromato- 
graphy of proteins on agarose columns, and investigated the relation between 
concentration and porosity of the gel. Curves showing the relationship between the 
logarithm of molecular weight and distribution coefficient were presented for proteins 
subjected to chromatography on cross-linked and non-cross-linked agarose gels of 
different concentrations. Plate numbers were determined for columns of 20% agarose at 
different flow-rates and bead sizes. Anspach eft al. [46] subsequently performed 
comparative study of the application of the silica-based packings (Zorbax Bio Series 
GF 250 and GF 450 and TSK-Gel 3000 SW and SWXL columns) in the chromatography 
of proteins. It was found that reduction of the mean particle diameter of the silica-based 
packings in the SEC of proteins to about 5 4m generated the expected increase in column 
plate number over the traditional 10-~m SEC columns. Slightly lower column efficiency 
of the TSK-Gel 3000 SWXL compared with the GF 250 column was compensated by the 
fact that the phase ratio of the 3000 SWXL column is higher by a factor of two. Both 
columns showed nearly the same peak capacity of about 20-30 in this application. 

Santarelli et al. [47] investigated dextran-coated silica packings for high-performance 
SEC of proteins. Porous silica beads have excellent mechanical properties, but non- 
specific interactions between silanols on the silica surface with the proteins require 
modification of these media before they can be used as stationary phases for SEC. Silica 
beads were coated with dextran, bearing a small number of positive charges in order to 
neutralize the negatively charged silanol groups. For this purpose, diethylaminoethy]l- 
dextrans (DEAE-dextrans) with a relatively low percentage of dextran units, bearing 
DEAE functions, were layered on the silica beads. The effects of these packings on 
chromatographic performance were studied in order to determine the optimal conditions 
for the SEC of proteins. An investigation of the physical, chemical, and functional 
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properties of one of the first semi-rigid polymer packings for SEC, Sephacryl HR, was 
described by Hagel et al. [48]. High-performance SEC of some standard proteins, 
peptides, and amino acids on another hydrophilic packing material, obtained by chemical 
transformation of a cross-linked polystyrene/divinylbenzene copolymer, was also studied 
[48]. The characteristics of columns filled with 4- and 7-jm particles were compared. The 
influence of acetonitrile, 2-propanol and trifluoroacetic acid at various concentrations 
in the mobile phase on the chromatographic performance of the columns was investigated. 
A linear calibration graph, covering the molecular-weight range from 200 to 700,000, was 
obtained under optimal conditions [49]. 

The mechanical stability of the chromatographic media marketed as Fractogel EMD 
BioSEC, permits higher flow-rates than softer gels. This feature appeared to be helpful 
during the regeneration and equilibration of columns, as well as in chromatographic runs. 
The pressure stability also facilitates packing of larger columns, which are sometimes 
necessary for refining pharmaceutical proteins. High stability toward alkali treatment 
enables production-scale separations on Fractogel EMD BioSEC. The separation media 
that have been commercialized under the names Superdex and Superose are based on 
dextran, cross-linked with agarose to various extent. The name Superose applies to 
packings of artificially cross-linked agarose, as opposed to the older agarose media, cross- 
linked only by natural hydrogen bonding. This type of matrix has a very good stability 
over a broad pH range. A Superdex Peptide column is a variant capable of separating small 
molecules (peptides and single amino acids) within the 100- to 7000 Da range. Based on 
the improved performance in the speed of chromatographic separation on Superdex-type 
materials, compared to conventional media, such as Sephadex and Bio Gel, a rapid SEC 
method was developed for the separation and analysis of carrageenan oligosaccharides 
[50]. Vilenchik and co-workers [51] have recently presented evidence that useful 
microporous materials can be obtained from protein crystals (CLPC). The CLPC materials 
can be made chemically and mechanically stable and are capable of separating molecules 
by size, chemical structure, and chirality. This allows estimation of the apparent pore-size 
and pore-size distribution in solid and soft hydrated porous sorbents by SEC. 


5.3.1 Monolithic materials 


Monolithic materials are continuous rods of solid, porous polymers rather than separate 
beads. Molecular-weight determination for polymers can be improved by using 
complementary techniques, such as chromatography on the monolithic columns, thus 
providing valuable information on the composition of co-polymers [52]. Preparation of 
molded, porous, polymer monoliths with controlled pore structure was described by Peters 
and co-workers [53], and the history of the development of macroporous columns (though 
mostly concerned with ion exchangers) was published by Abrams and Miller [54]. The use 
of monolithic high-performance SEC media for screening of polymers was reported 
recently [55]. The rapid development of this type of columns was intensified following 
publications by Hjertén’s group [56,57]. Another methodology for the preparation of 
polymer gels with variable pore architecture was demonstrated by Antonietti ef al. [58]. 
Electro-osmotically driven SEC of polystyrene standards with molecular weights of up to 
10° Da has been described by Peters and co-workers [59]. Mayr et al. [60] studied the 
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influence of polymerization conditions on the separation of proteins by inverse SEC. SEC 
was also applied to control the pore-size distribution of the monolithic poly-TRIM grafting 
substrate [61]. Separation of styrene oligomers by several modes with this technique has 
been reported [62]. It seems that further miniaturization of capillary columns (below 
300 pm ID), filled with “traditional” gel-type stationary phases will eventually be replaced 
by the use of monolithic columns, as they are much easier and faster to prepare, providing 
suitable reproducibility and control over a broad mass range. 


5.3.2 Capillary columns 


Capillary SEC affords an alternative separation strategy for microscale purification 
[63-71]. Capillary SEC columns are best suited for direct coupling to electrospray- 
ionization mass spectrometry (ESI-MS), because they have comparable flow-rates that can 
be delivered to the ESI source without splitting. Because no split is necessary, the 
sensitivity of such separations is much higher, and less material can be applied on the 
column. For example, scaling down the diameter of a Superdex Peptide column from 10 to 
0.3 mm causes a significant decrease in sample consumption from 5 jg to 50 ng. Various 
successful applications of SEC microcolumns have been described [72—74]. Micro-SEC 
separations can also be indirectly linked with matrix-assisted laser desorption ionization/ 
time-of-flight mass spectrometry (MALDI-TOF-MS) by using robotic interfaces [75]. 
Other references to these topics are cited in Secs. 5.5 and 5.7. 


5.3.3 Microsystems 


There are still very few references dealing with microchip (micro-Total Analysis 
Systems, TAS) technology, used together with packed channels, though there is a rapidly 
growing number of papers describing capillary electrophoresis on microchips in 
conjunction with MS and other detection techniques (Chap. 11). Rapid progress in the 
development of monolithic media can extend these applications [76], because preparation 
of channels filled with these stationary phases is much easier than filling them with 
“classical” column packings. Two papers giving a general and complete overview of the 
present status of ~TAS were published recently [77,78]. A prototypic microchip has been 
constructed for the size separation of macromolecules and particles by hydrodynamic 
chromatography [79]. The device has been applied to size characterization of 
macromolecules. 


5.4 MOBILE PHASES 


SEC is a very mild separation method, because buffer systems are used as the mobile 
phase. Thus, optimal conditions with respect to the stability of solute molecules can be 
selected. This aspect was extensively studied by Garcia et al. [80]. Aqueous SEC was used 
to analyze the elution behavior of several standard ionic polymers as a function of the pH 
and ionic strength of the eluent. Two organic-based hydrophilic packings, Spherogel TSK 
PW4000 and Ultrahydrogel 250, were tested in order to select the optimal conditions for 
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macromolecular separation. Deviations from ideal elution behavior have been attributed to 
ion-exclusion and hydrophobic effects, as a consequence of the repulsive or attractive 
interactions between the ionizable groups of the poly-electrolyte and the residual surface 
charge of the support. Quantitative evaluation of elution volumes of poly-electrolytes in 
salt-containing eluents was performed, taking into account electrical double-layer effects 
and the effective radius of poly-ions, and assuming that poly-electrolytes behave as rigid 
hydrodynamic spheres and that the geometry of gel pores is cylindrical [81]. Reported data 
on the elution of sodium polystyrene sulfonate and polyglutamic acid from both organic- 
and silica-based packings were used to test the accuracy of the predictions [82]. 

The effect of column and mobile-phase modifications on retention behavior in SEC of 
polycyclic aromatic hydrocarbons on poly(divinylbenzene) has also been described [83]. 
Molecular-mass distribution analysis of ethyl(hydroxyethyl)cellulose was studied by SEC 
with dual light-scattering and refractometric detection [84]. The polymer aggregates 
showed variations in behavior that were dependent on the flow-rate and ionic strength of 
the mobile phase. Molecular characterization of cellulose is technically difficult because of 
the limited number of appropriate non-degrading solvents. SEC of cellulose was described 
by Hasegawa et al. [85]. Schult et al. [86] applied SEC on macroporous, monodisperse 
poly(styrene/co-divinylbenzene) particles and LiCl in N,N-dimethylacetamide to dissolve 
cellulose. Phillips and Olesik [87] performed studies of LC with enhanced-fluidity liquids. 
This new technique has led to the continued development of LC at the critical condition 
(LC-CC) or liquid chromatography at the critical adsorption point (LC-CAP). LC-CC 
allows isolation of one area of the polymer matrix so that other areas of the polymer can be 
probed with size-exclusion or adsorptive chromatographic modes. 

SEC analysis in aqueous systems has provided information on solubility and 
aggregation of xylans [88]. Xylan samples from different sources were investigated, 
using a multi-detector SEC system with two chromatographic column sets and mobile 
phases consisting of dimethylsulfoxide (DMSO)/water mixtures in various proportions. 
Molar-mass distribution could be best analyzed by using a mobile phase of DMSO/water 
(9:1) with the addition of 0.05 M LiBr, a system offering good solubilization of the 
polymers and an effective chromatographic separation. The use of tetrahydrofuran (THF) 
as mobile phase in the SEC characterization of a liquefaction extract and its hydrocracking 
products has been found to cause partial loss of sample and to give anomalous results [89]. 
However, the problem was solved by using 1-methyl-2-pyrrolidinone as the mobile phase. 
Li and co-workers [90] have described a method for the determination of iodide in 
seawater and urine by SEC with the iodine/starch complex. Iodide was converted to 
iodine, then sequestered with starch, and separated from the matrix, using a Shim-pack 
DIOL-150 size-exclusion column with methanol/0.01 M aq. phosphoric acid (1:9) as 
mobile phase at 1.2 mL/min. Batas and Chaudhuri [91] have described a mechanism for 
SEC-based protein-refolding, another novel effect in SEC. This model considers the steps 
of loading denatured proteins onto a column and its elution. The predictions were 
compared with results obtained by SEC of lysozyme on Superdex 75 HR with a refolding 
buffer. The main collapse in protein structure occurred immediately after loading, where 
the partition coefficient increased from 0.1 for unfolded lysozyme to 0.48 for the partially 
folded molecule. The use of a refolding buffer as the mobile phase resulted in complete 
refolding of lysozyme. The effect of mobile phase on the oligomerization state of a-helical 
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coiled coil peptides during high-performance size-exclusion chromatography (HPSEC) 
was studied by Mant et al. [92]. HPSEC appeared to be useful for examining both the 
oligomerization state of coiled coils and the stability of such motifs, due to facile 
manipulation of the mobile phase and the lack of interaction of the peptide solutes with 
the stationary phase. 

The influence of three experimental parameters — temperature, pH, and ionic strength 
of the eluent — on the retention of heparin samples and polysaccharides as calibration 
standards in SEC was investigated by Bergman ef al. [93]. Silvestre et al. [94] separated 
protein hydrolysates on poly(2-hydroxyethylaspartamide)-silica columns with 0.05 M 
formic acid as eluent. Concentrated formic acid (70%) was applied for elution of AB 
fragments present in human brains, and a Superose-12 column was used without 
significant deterioration of the stationary phase due to the acidic eluent [95]. Nylander 
et al. [96] reported that the mobile-phase composition may influence adsorption and 
separation of neuropeptides on the Superdex-75 column. These studies were extended by 
Hedlund and co-workers [97]. In general, both acetic and formic acids, commonly used in 
chromatography and mass spectrometry, contain C=O groups in their structures. The 
double bond accounts for a high absorbance in the UV detectors up to 240 nm, a factor 
that should be carefully considered in the detection of, e.g., a peptide bond (usually at 
210-214 nm). Under overload conditions, the resolution in SEC of proteins can be 
compromised due to non-uniform flow, caused by the viscous-fingering flow instability. In 
the work of Fernandez et al. [98], the non-uniform flow under these conditions was 
analyzed by numerical simulation and magnetic resonance imaging, and a new column 
design was postulated. Another recent aspect of protein chemistry was investigated 
concerning speciation of zinc in complexation with proteins of low molecular mass that 
occurs in breast milk and infant-feeding formulas. SEC was used in conjunction with flame 
atomic-absorption spectroscopy [99]. After ultracentrifugation of the milk, the sample was 
injected into a TSK-Gel G2000 glass column and eluted with 0.2 M NH,NO3/NH,OH 
(pH 6.7). This was followed by inductively-coupled plasma mass spectrometry (ICP-MS) 
analysis of the eluate. 

An analytical HPLC method has been reported for the simultaneous measurement of 
low concentrations of dextran-methylprednisolone succinate and its degradation products, 
methylprednisolone hemisuccinate (MPS) and methylprednisolone (MP) [100]. The 
analytes were detected at 250 nm after resolution on a size-exclusion column with a 
mobile phase of 10 mM KHzPO,/MeCN (3:1) at a flow-rate of 1 mL/min. The resolution 
of MP and MPS peaks was substantially affected by the pH of the mobile phase; the 
degradation products were not resolved at pH 3.4. Hyaluronic acid has been analyzed by 
HPSEC on a TSK-Gel 6000 PW column and eluted with 100 mM NaNO; [101]. A method 
for analytical and preparative SEC of large, water-insoluble, protected peptides in an 
organic solvent was developed by Karnoup and co-workers [102]. This method was 
applied to the analysis and separation of protected synthetic peptide tandem repeats and to 
control the peptide fragment coupling. Toyopearl HW-40, HW-50, HW-55, and HW-60 
columns of fine grade were used, and the selectivity of each sorbent, as well as the 
chromatographic behavior of the peptides were examined. Fractionation ranges 
of these gels in N,N-dimethylformamide (DMF) were shown to extend over much 
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smaller molecular masses (ca. 400—14,000 Da) than those of the same gels applied to 
separate proteins in aqueous buffers (100—1,000,000 Da). 

Mobile-phase composition, pH, and flow-rate can significantly affect separation in 
SEC. Special care must be taken to optimize separations before sample application in 
order to minimize variations in retention times and possible sample loss due to, e.g., non- 
specific adsorption on the gel. In certain cases, addition of NaCl is necessary to reduce 
non-specific interactions, but salts may influence further analysis by mass spectrometry. 
Moreover, phosphate buffers are not recommended, as they can polymerize in heated 
capillaries (ESI-MS), thus forming insoluble polyphosphates. 


5.5 DETECTORS 


Detection of separated components is a crucial step in the chromatographic procedure, 
as it provides information on the character of the molecules. The major features of an 
effective detector are: selectivity, specificity, sensitivity, stability, and linearity. It is also 
desirable that the detector will not destroy the sample, but this does not apply to some mass 
spectrometers, e.g., those equipped with an ESI ion source. Samples from MALDI or Fast 
Atom Bombardment (FAB) targets can possibly be recovered for further analysis, such as 
radioimmunoassay (RIA), radio-receptor assay (RRA), enzyme-linked immunosorbent 
assay (ELISA), etc. Anyhow, modern mass spectrometers utilize only minute amounts of 
sample, and can give unambiguous results that outweigh these disadvantages. The 
characteristics of the ideal detector for liquid chromatography have been summarized by 
Lemiere [103], and several fundamental reviews on this topic have also been published in 
recent years [104—108]. The “ideal detector” should be able to identify the molecule of 
interest, quantify it (possibly in the presence of other components), and provide complete 
structural information for the unambiguous identification of the isolated compound. From 
this point of view, mass spectrometry, nuclear magnetic resonance (NMR), and Raman 
spectroscopy, including the flow-injection surface-enhancement Raman scattering (SERS) 
variant [109-111], are the methods of choice for either on-line or off-line detection. These 
are often used in conjunction with other techniques, such as RIA, ELISA or other, less 
specific detectors (UV, IR, electrochemical detectors). For example, Fourier-transform 
infrared (FTIR) spectrometry in the mid-infrared region is becoming more and more 
important in SEC. It is a powerful and potentially very widely applicable method for 
obtaining information on the chemical functional groups in each molecular-size fraction 
[112]. Quantitative evaluation of polymer composition across the SEC chromatogram can 
provide a more accurate characterization of heterogeneous polymer samples, which is 
necessary for problem solving and material specification. Detection limits, dilution 
factors, and technique compatibility in multi-dimensional separations have been discussed 
by Schure [113]. 

SEC with coupled multi-angle light-scattering- (MALS), and differential-refractometry 
detectors have been used to obtain molecular mass and radius of gyration distributions of 
polydisperse polymer samples [114]. From these data, the scaling relation between 
dimensions and absolute molecular mass was obtained with one sample of each polymer. 
The molecular mass (M,.) of the complexes of monoclonal anti-bovine serum albumin 
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(BSA) and monomer BSA were determined on-line [115] by means of SEC, coupled with 
a low-angle laser light-scattering (LALLS) detector and two concentration detectors, 
ultraviolet (UV) and refractive index (RI) (SEC/LALLS/UV/RI system). Also, the size 
and M,. of the complexes were evaluated by the SEC/LALLS/UV/viscometer system. The 
principle of the differential viscometer detector and its use in constructing a universal 
calibration were explained by Titterton [116]. The pioneers in the field of viscometry 
detection in SEC were Fishman and co-workers [117], who first reported this technique in 
1989 in studies of pectins. The use of SEC with on-line light-scattering, absorbance, and 
RI detectors for studying proteins and their interactions, was the topic of a review by Wen 
et al. [118]. Aqueous SEC with on-line argon-ion MALLS photometry and differential 
viscometry detectors was reported by Muller and co-workers [119]. Starch was 
characterized by HPSEC with detection by both MALLS and RI [120]. 

HPSEC with UV absorbance and on-line dissolved-organic-carbon (DOC) detectors 
have also been adopted and optimized under various conditions [121]. For example, an 
enhanced HPSEC/UV system with a modified DOC detector provides an improved 
understanding of the qualitative and quantitative natural-organic-matter (NOM) properties 
in water samples by detecting aromatic and non-aromatic fractions of NOM as a func- 
tion of molecular weight. The “retention analysis method”, which is based on SEC in 
conjunction with an arsenic-specific detector (graphite furnace atomic-absorption 
spectrometer) was reported by Gailer and Lindner [122]. 

An interesting approach to on-line combination of SEC and GC has been designed, 
using LC/GC apparatus. This has been applied to determine organophosphorus pesticides 
in olive oil [123]. Per-O-sulfonated polysaccharides, including glycosaminoglycans and 
hyaluronan oligosaccharides have been analyzed by HPSEC with suppressed-conductivity 
detection [124]. The sensitivity of this method was compared to that of HPSEC with UV or 
fluorescence detection after reaction with 2-cyanoacetamide in strongly alkaline solution. 
The use of conductivity detection without derivatization and under isocratic conditions 
gave a limit of detection in the picogram range. Such a detection system is desirable for 
HPSEC of all polyelectrolytes. 

HPSEC, combined with multispectral detection by a photodiode-array (PDA) UV 
detector was applied to the analysis of proteins and peptides in human cerebrospinal fluid 
(CSF) [125] and to the characterization of proteinergic profiles in the CSF of alcoholics 
[126]. Molecular components of the CSF were identified, and their purity was tested. The 
PDA detector, recently reviewed by several authors [127-133], provides significant 
savings of biological samples, as the entire spectrum can be registered simultaneously in a 
single run. Moreover, this technique eliminates possible errors caused by, e.g., a shift in 
retention time, which may occur when manual injectors are used. Several papers were 
published on the identification of various compounds and on purity tests performed with 
this type of detectors [134-137]. The application of multi-wavelength detection in the 
study of unfolding equilibrium of growth hormones in urea by SEC has also been 
investigated [138]. On-line PDA instrumentation and comparison of spectral ratios figured 
in monitoring tertiary and quaternary structural changes associated with protein 
denaturation. Stationary-phase-induced effects on protein conformation were monitored 
by changes in the maximum-to-minimum ratio of the second-derivative spectrum. 
Commercial protein preparations were analyzed for purity on a size-exclusion column, 
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coupled to a PDA detector [139]. Dupont [140] studied degradation of gelatin in paper 
upon aging by means of aqueous SEC and UV-PDA detection. Spectroscopic 
characterization by PDA detection of urinary and amniotic-fluid proteins, fractionated 
by anion-exchange and SEC/HPLC, was described by Calero et al. [141]. A similar 
technique was applied by de Vries [142] for the analysis of heparins. Moreover, a rapid 
quantitative determination of aromatic groups in lubricant oils by SEC combined with 
PDA detection was described by Varotsis and Pasadakis [143]. 


5.5.1 Mass spectrometry 


As a growing number of applications and developments of multi-dimensional LC 
separations for proteomics are expected in the future, combinations of various modes of 
LC (including SEC) and MS are currently of widespread interest. Two-dimensional LC 
(2D-LC) is now being applied more and more in high-resolution separations. This 
approach has been used mainly in proteomics studies, where a large number of 
components must be separated, and as a technique complementary to 2D-electrophoresis. 
Due to technical difficulties, 2D-electrophoresis still cannot achieve the reproducibility 
required for unambiguous comparison of two independent separations. Many combi- 
nations of 2D-LC have been investigated and their applicability has been demonstrated. 
One of these approaches utilizes SEC, e.g., in the separation of polyethylene glycols and 
surfactants [144]. Other combinations have been applied in the separation of peptides 
[145,146]. Interfacing LC techniques with MS is a rapidly growing strategy in analytical 
sciences (Chap. 10) [147]. However, some precautions must be taken before linking these 
two techniques in order to make them fully compatible with respect to the mobile-phase 
composition, flow-rates, size of molecules, scanning time, etc. Sandra and co-workers 
[148] and Lemiere [149] have provided some very useful practical tips. The instrumental 
set-up for nucleic acid analysis has been reviewed by Huber and Oberacher [150], for 
clinical and forensic toxicology by Marquet [151], for drugs of abuse by Moeller and 
Kraemer [152], for analysis and screening of combinatorial libraries by Shin and 
Van Breemen [153], for proteomics by Peng and Gygi [154], for metabolite identification 
in drug discovery by Clarke et al. [155], for general HPLC/MS by Erickson [156] and 
Niessen [157], for high-throughput quantitative analysis of biological material by Jemal 
[158], for pharmaceutical analysis by Ermer and Vogel [159], and in nanotechnologies by 
Guetens et al. [160]. Complex SEC assays for screening combinatorial libraries were 
reported by Schurdak ef al. [161]. This list is a selection from only the recent literature, 
describing the application of various chromatographic techniques linked to mass 
spectrometers equipped with various ionization sources. 

Capillary and nano-chromatography columns, such as capillaries for electrophoresis, 
produce separations within minutes. The major problem in fast separations stems from the 
relationship between peak-width and scan duration. If the scan speed is too slow, some 
components might be overlooked in the mass spectrum. Moreover, an MS/MS (or MS") 
experiment, even if performed automatically, requires several seconds for completion. A 
compromise between separation quality and the limitations of the mass spectrometer can 
be achieved by using a peak-parking method [162,163]. This technique substantially 
prolongs the signal in a mass spectrometer and also enhances its sensitivity without 
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significantly affecting the resolution. As the peaks are retained longer on the column by 
decreasing the flow-rate of the mobile phase, the retention time cannot be considered as 
constant. Post-run data obtained with ESI-MS, coupled to the chromatographic system, 
require a deconvolution procedure to reveal the actual masses of the detected components. 
Often, the presence of complex mixtures of substances and/or the presence of 
contaminants may affect this algorithm, leading to false mass assignments [105]. 
Therefore, pre-separation of molecules according to their size may contribute to the 
unequivocal identification of all ions. 

A method has been developed for on-line pseudo-cell SEC/MS (PsC/SEC/MS), 
providing rapid, real-time analyses of non-covalently bound protein complexes [164]. The 
methodology can be used to determine components of such complexes, as well as their 
exact stoichiometry. Furthermore, it enables the efficient determination of gross 
conformational changes upon complexation. The power of this new approach was 
demonstrated in the analysis of the global transition-state regulator AbrB and its complex 
with a target DNA sequence from the promoter sinIR. Non-covalent interactions were 
studied with the aid of SEC/coordinated ion spray (CIS)-MS [165]. Characterization of 
non-covalent complexes of antigen and recombinant human monoclonal antibody by 
cation exchange, SEC, and Biacore (detection and monitoring of the binding of biological 
molecules by surface-plasmon resonance technology) was reported by Santora et al. [166]. 
The effect of enzyme inhibitors on protein quaternary structure, determined by on-line 
SEC/micro-ESI/MS, has been described [167]. Blom et al. [168] have reported the 
determination of affinity-selected ligands and of binding affinities by on-line SEC/LC/MS. 
The use of SEC, linked to ESI-MS for the separation of neuropeptides and their fragments 
has been the subject of several papers [105,169-173]. A SMART™ System for 
micropurification was applied, using a Superdex Peptide column of 3.1 mm ID. 
Combination of such a system with MS required a volatile buffer, acceptable by the 
ESI source. In this case, a mobile phase consisting of 0.1% aq. TFA was found optimal. 
TFA generally suppresses the MS signal and decreases the sensitivity of measurements. 
Dilute formic acid gives much better results in this respect, but it was difficult to elute 
components from the column using this solvent. Capillary columns of Superdex Peptide 
have been applied for the identification of peptides and proteins by LC/MS [174]. Further 
details of this method have been described by Suder et al. [175]. An off-line identification 
of endogenous LVV-hemorphin-7 from CSF was performed on the Superdex Peptide 
column, followed by ESI-MS analysis of collected fractions [176]. 

Characterization of arsenic species in clams by multi-dimensional LC, linked to ICP- 
MS and ESI-TOF-MS/MS has been described by McSheehy ef al. [177]. Such 
combinations of ICP-MS with LC have been receiving increasing attention in recent 
years. ICP-MS can also be applied to the detection of labile biological molecules, such as 
DNA fragments, where phosphorus can be monitored. Fractionation of phosphorus and 
trace elements in soybean flour and bean seeds by SEC, linked to ICP-MS was reported by 
Koplik et al. [178]. This group also discussed the application of various SEC columns to 
the separation of several other elements. Metal distribution patterns in cytosols from the 
mussel Mytilus edulis were demonstrated by Ferrarello et al. [179], who used SEC and 
double-focusing ICP-MS detection. Quantitative analysis of iron speciation in meat 
by using a combination of spectrophotometric methods and HPLC, coupled to sector 
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ICP-MS, has also been reported [180]. Wang and co-workers [181] have described the 
determination of trace elements in liver proteins by SEC/ICP-MS with a magnetic-sector 
mass spectrometer. A multi-dimensional approach, combining LC with parallel ICP-MS 
and ESI-MS/MS for the characterization of arsenic species in algae was reported by 
McSheehy et al. [182]. The identities of all the species were doubly checked, by matching 
the retention times of chromatographically pure species with standards and by ESI-MS/ 
MS. The same group applied a similar approach in their investigation of arsenic speciation 
in oyster test reference material by multi-dimensional HPLC/ICP-MS and ESI-MS/MS 
[183]. 

Liu et al. [184] have recently reviewed the multi-dimensional separations of proteins 
and peptides. Micro-SEC on MicroSpin Sephadex G-25 columns was applied in 
combination with capillary LC/atmospheric-pressure chemical-ionization (APCI)-MS 
and used for the screening of potential drugs in recently discovered pharmaceutical 
compounds [185]. Harris et al. [186] have developed a size-exclusion-based system for the 
rapid isolation of plasmid DNA in a 96-well microplate format. A method for analyzing 
polysaccharide materials has been described, which employs SEC, followed by detection 
by on-line ESI-MS and off-line MALDI-TOF-MS [187]. The well-established method of 
two-dimensional gel electrophoresis is far too slow for screening in proteomics [188]. 
A new methodology has been developed, combining capillary electrophoresis/isoelectric 
focusing (IEF) with MS with sequential fragmentation (CIEF/MS"), and preparative IEF 
followed by SEC, combined with MS. Isotope ratio mass spectrometry was used to detect 
very low alterations in '5C abundance in analyte species that cannot be volatilized [189]. 
Examples were given of proteins, carbohydrates, and nucleotides, eluted from various 
types of HPLC columns. 

Recent developments in MALDI-TOF techniques have enhanced the opportunities of 
linking HPLC with this ionization method. The MALDI source differs from the ESI source 
in that it operates in high vacuum. The high-vacuum source is capable of accommodating 
the LC mobile phase at a maximum flow-rate of 5—7 L/min. Introduction of a liquid at 
higher flow-rates would cause an immediate shutdown of the instrument. Two different 
approaches to the on-line linking of SEC to the MALDI-TOF-MS, continuous-flow and 
aerosol, were discussed by Fei and Murray [190]. Details on linking capillary SEC to 
MALDI-TOF-MS can be found, e.g., in Ref. 193. In the aerosol method, the sample eluted 
from the column is mixed with matrix before nebulization. Typically, flow-rates are 
maintained between 0.5 and 1.0 mL/min. The problems with this type of interface have 
recently been solved by the use of a rotating-ball inlet [191], which prevents clogging of 
the vacuum interface by matrix crystals or frozen solvents. An alternative strategy utilizes 
a picoliter sampling onto the MALDI target plate with the help of a flow-through piezo- 
electric micro-dispenser [192], but larger robotic systems can be connected as well. 
Another promising methodology is based on the development of a MALDI source, 
operating at atmospheric pressure. Such a device can be mounted instead of an ESI sprayer 
and coupled to any of the known detectors (e.g. ion-trap, TOF, quadrupole). Promising 
developments in atmospheric-pressure MALDI (AP-MALDI) [193-196] and the 
application of an infrared laser at 3 wm may be a turning point for on-line LC/MALDI- 
MS" applications. The additional advantage of the IR laser is that ions can be generated 
from water solutions. This makes the system compatible with the LC separations of 
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biological molecules. On the other hand, Blais et al. [197] have discussed some limitations 
of the MALDI-TOF method in comparison with SEC for the characterization of 
phosphorus-containing dendrimers. 


5.5.2 Nuclear magnetic resonance and surface-enhanced Raman spectroscopy 


Another approach to unambiguous identification in LC is linking the chromatographic 
system with other structurally specific methods, such as NMR or surface-enhanced Raman 
scattering (SERS) [198-201]. The feasibility of interfacing flow-injection-based SERS 
methods with HPLC for the detection of individual components in a complex mixture was 
proposed in 1990 [202], but this approach has been studied more extensively in 
conjunction with capillary electrophoresis rather than with liquid chromatography. A 
microcoil NMR probe for coupling microscale HPLC with on-line NMR spectroscopy was 
described by Subramanian et al. [203] and adapted to the nanoliter scale by Behnke et al. 
[204]. These methods were developed for reversed-phase columns, but the same approach 
can also be applied to SEC. Application of LC, coupled on-line to 'H-NMR, was reported 
for the investigation of flavonoids [205]. The eluent was a mixture of MeOH and 
DO. Separation and identification of terpenoids were achieved by coupling a commercial 
capillary HPLC system with a PDA detector and a custom-built NMR flow microprobe 
[206]. The eluent from a 3-~m-diameter C;z HPLC column was linked to a 500-MHz 
"H-NMR microcoil probe with a volume of 1.1 wL. Direct on-line LC/NMR/MS/MS for 
the rapid screening of natural products was described by Sandvoss et al. [207]. An off-line 
MS/NMR procedure has been developed for rapid screening of small organic molecules 
and their ability to bind a target protein [208]. With this methodology it was also possible 
to obtain structure-related information as part of a structure-based drug discovery-and- 
design program. The methodology combines the inherent strengths of SEC, MS, and NMR 
to identify bound complexes in a relatively universal high-throughput screening approach. 
Another indirect technique was presented by Venter et al. [209] for the identification of 
membrane-transport proteins of E. coli. With a number of polymer additives as model 
compounds, practical problems encountered with multiple combinations were described 
for the coupling of HPLC with UV detection, on-line NMR spectroscopy, and MS, 
combined with a dedicated interface to collect chromatographic eluents for subsequent 
FT-IR [210]. SEC was performed with deuterated chloroform as eluent, the separation 
being monitored on-line by UV detection at 254 nm and on-flow 'H-NMR and MS. 
Interfacing LC with NMR and other detection techniques has recently been reviewed by 
Wilson [211]. A separate chapter of his review was devoted to SEC/NMR/IR 
instrumentation. A fully integrated system, involving HPLC, with superheated DO as a 
mobile phase, and combined with on-line PDA-UV, 'H NMR, FT-IR, and APCI-MS has 
been applied for the analysis of ecdysteroid-containing plant extracts [212]. The potential 
of such “multiple hyphenation” can yield a complete and unambiguous structural 
elucidation from a single experiment. The methods and theoretical basis for quantitative 
measurements in continuous-flow HPLC/NMR were presented by Godejohann ef al. 
[213]. 
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5.6 CALIBRATION 


Deviations from the Benoit principle of universal calibration were observed by 
Belenkii et al. [214] when flexible-chain polymers were chromatographed on macro- 
porous swelling sorbents. These peculiarities were caused by different degrees of thermo- 
dynamic compatibility of the polymers with the sorbent matrix. More recently, a new SEC 
method for the estimation of the weight-to-number-average molecular-weight ratio 
M,,/M,, of polymers with a narrow molecular-weight distribution, approximated by a log- 
normal distribution, was proposed [215]. The method was applied to a series of 
polystyrene standards of narrow molecular-weight distribution. Guillaume ef al. [216] 
have proposed a mathematical model for hydrodynamic and SEC of polymers on porous 
particles. The model described constitutes an attractive method for enhancing these two 
chromatographic techniques for separating biological or synthetic macromolecules. 
Different polynomial models of calibration curves have been evaluated and compared with 
respect to their predictive properties [217]. The best model across the effective 
fractionation range (linear range) was not always found to give a straight line. Polycyclic 
aromatic hydrocarbon standards were applied in studies on the polymerization of 
anthracene oil with AIC]; as the catalyst [218]. SEC separations have been carried out on a 
stationary phase of polystyrene/polydivinylbenzene with 1-methyl-2-pyrrolidinone at 
80°C as eluent. Endogenous calibrants were used by Tsao et al. [219] for the quantitation 
of various molecular forms of chromogranin A in serum and urine. Oliva et al. [220] 
performed a comparative study of protein molecular weights by SEC and laser-light 
scattering. The results obtained by the two methods were compared, using samples of 
recombinant human growth hormone and £-lactoglobulin as test substances. The effect of 
peak-broadening and of the error in inter-detector volume on the calibration curve and 
experimental molecular-mass averages obtained by SEC were investigated by Netopilik 
[221]. The parameters affecting the fractionation performance in SEC of broad polymer 
samples were studied by Lou et al. [222]. Two different modes were considered, i.e., using 
MALDI-MS to provide an absolute calibration curve for SEC, and using SEC as a sample 
preparation step for MALDI-MS measurements. The latter combination was demonstrated 
to be more reliable, because most problems inherent in SEC can be circumvented. 

The pore dimensions, pore-size distributions, and phase ratios were determined [223] 
for a set of cation exchangers, using inverse SEC (ISEC). This technique [224] is 
alternatively called macromolecular porosimetry [225] and is used for the characterization 
of the porosity of materials [226]. The adsorbents examined represent a diverse set of 
materials from Pharmacia, TosoHaas, BioSepra, and EM Industries. The ISEC was carried 
out using dextran standards. This technique provided a comparative characterization of the 
accessible internal pore-surface area, as a function of solute size. ISEC was adopted to 
measure the permeability of microcapsules (hollow hydrogel spheres with diameter 
<Imm), using dextran molecular-weight standards [227]. Alginate/poly(L-lysine)/ 
alginate microcapsules were chosen as a column substrate. Polysaccharides of known 
molecular weight were used as standards for HPSEC of humic substances [228]. 
Calibration curves were equivalent for both columns, whereas analytical parameters 
revealed that a TSK column was only slightly more efficient in separating polysaccharide 
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standards. Variations between columns in the results obtained for the molar masses of 
humic substances were attributed to intrinsic properties of these substances, such as 
stability of conformational structures. 

A universal calibrator has been applied to the determination of molecular masses of 
heparin samples and has been referred to as the Heparin Molecular Mass Calibrant [229]. 
This calibrator replaces the large number of calibrators (19 in the authors’ previous work) 
that are required for molecular-mass analyses. Polysaccharide standards having average 
molar masses in the range of 180—100,000 Da were used in HPSEC, applied as a screening 
technique for the determination of average molar masses of polygalacturonic acid samples 
for use in pharmaceutical applications [230]. The method was employed in screening 
commercially available polygalacturonic acid raw materials with respect to both average 
molar mass and polydispersity. The analysis of poly(bisphenol A carbonate) by SEC/ 
MALDI was reported by Puglisi et al. [231]. Their results show that MALDI spectra of the 
SEC fractions allow not only the detection of linear, and cyclic oligomers, but also the 
simultaneous determination of their average molar masses. Two slightly differing SEC 
calibration plots were obtained, due to the smaller hydrodynamic volume of the 
polycarbonate cyclic chains relative to the linear ones. The possibility of standardizing 
calibrants for SEC was investigated by Yomota and Okada [232]. Their review article 
(unfortunately in Japanese only) focuses on the water-soluble polysaccharides, such as 
dextran, hyaluronate, and chitosan. A HPSEC/RI method has been described for the 
quantification and molecular-weight determination of extractable water-soluble poly- 
amines in a novel, proprietary, polymeric pharmaceutical compound [233]. The extracted 
polyamines were synthetic impurities as well as potential degradation products of the 
polymer. Potzschke et al. [234] studied the molar masses and structure of hemoglobin 
hyperpolymers, commonly used in calibrations for SEC of these artificial oxygen carriers. 
The calibration curve was found to differ significantly from that given by native globular 
proteins due to a less compact structure of hemoglobin hyperpolymers. Therefore, the 
calibration of SEC with globular proteins for the determination of molar masses of 
hemoglobin polymers would be erroneous. 

A method for the calibration of SEC columns, suggested by Harlan et al. [235], takes 
into account the nonlinear dependence of the Stokes radius, R,, upon the partition 
coefficient, Kp. An application of this method, in which aggregation states of the 
membrane protein prostaglandin H2 synthase, solubilized in nonionic detergents, was 
reported by Duggleby [236]. He described a method and software with appropriate 
statistical operations to select the best straight or curved calibration line. The size of the 
unknown is then interpolated and an estimation of the error is calculated. Le Maire et al. 
[237] tested the hypothesis that porous media used in protein SEC are surface fractals. The 
data obtained in the calibration of “classical” gels (Sephacryl and Sepharose) and of HPLC 
phases (TSK SW and PW) with proteins having a wide range of molecular sizes were 
analyzed within the framework of this theory. While the model does not apply to 
“classical” gels, it seems that HPLC phases can be described as fractals over the range of 
protein sizes. The same group [238] also tested the hypothesis [239] that the elution 
position of macromolecules in gel chromatography is better correlated with the viscosity- 
based Stokes radius (Ry), rather than with the Stokes radius (Rs) calculated from the 
frictional coefficient. By the use of different gel matrices (agarose, Sephadex, and TSK 
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silica gel columns) it was found that the elution positions of dextran fractions and reduced 
proteins, denatured with guanidine hydrochloride, were in accordance with their Ry. In 
this case, water-soluble, globular proteins were used for gel calibration. A simple routine 
for nonlinear least-square analysis was described [240] and applied to small-zone scanning 
data, where calibration of the gel column requires the use of fully characterized markers of 
known molecular size. Application of nonlinear least-squares analysis eliminates the 
difficulty encountered due to the scarcity of calibrating markers for gels whose porosities 
span a certain size range. A multilevel calibration has been discussed by Hinshaw [241]. 
By misapplying multilevel nonlinear calibration to compensate for gross systematic errors, 
one can mask serious malfunction of the analysis, leading to erroneous results. The author 
concludes that “it’s never a good idea to assume that a chromatograph delivers equal 
responses to all components or at all levels”. This is obviously true and should always be 
considered, not only with regard to chromatographic data, but also in MS and other 
techniques. An overview of the chemometric methods for calibration, optimization, and 
statistics can also be found in Ref. 242. Lazaro et al. [243] investigated the elution 
behavior of coal-derived materials on a polystyrene/divinylbenzene SEC column with 
1-methyl-2-pyrrolidinone as the mobile phase and use of polystyrene calibration. This 
calibration was also correlated by mass spectrometry. The importance of calibration was 
emphasized in the measurement of dextran clearance in clinical studies [244]. 


5.7 APPLICATIONS 


5.7.1 Polymers 


Determination of molecular weight and molecular-weight distribution is crucial for 
understanding the relationship between the properties of polymeric materials and their 
molecular structures. The molecular-weight averages and distributions are given by the 
principal relationships defined in terms of number-average molecular weight (M,,), 
weight-average molecular weight (M,,) and z-average molecular weight (M_). Further 
parameters to be considered are the (z+ 1)-average molecular weight as well as the 
viscosity-average molecular weight (M,,). These averages are all connected with the 
population defined by the number of moles (n,;), or weight (w,) of individual 
macromolecules possessing molecular weight M;, contained in the polymer population. 
The distribution of polymer molecular weight is described by various mathematical 
relations, including Gaussian, Poisson, Flory-Schulz, and log-normal molecular weight 
distribution functions. The polydispersity of polymers, Q, is traditionally defined as the 
relation of their weight-average to number-average molecular weights 


Q=M,,/M,=U+1 (5.4) 


where U, the molecular inhomogeneity, has a numerical value of one less than Q. 
Polymers are usually distributed in more than one direction of inhomogeneity, which 
comprises, in addition to molecular-mass distribution (MWD), the distribution with 
respect to chemical composition (CCD), functionality (FTD) and topology (MAD). The 
chemical composition of polymers is related to the macromolecular chain structure, 
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including the number of co-monomer units for co-polymers, their sequence of 
incorporation, configuration, and conformation. The topology of synthetic polymers 
concerns the polymer-chain architecture (linear, comb-like, branched, cyclic, etc.), and is 
connected with functionality, i.e., with the number and localization of the functional 
groups. 

Several approaches have been used for the separation of polymers according to both 
MWD and CCD. In contrast to homopolymers, which are monodisperse with respect to 
CCD for each retention volume, different combinations of molar masses, composition, and 
sequence length can be found in co-polymer fractions having the same hydrodynamic 
volume. In order to address this problem, several selective detection techniques have been 
combined with SEC. Hyphenated techniques in SEC have been reviewed recently [245]. 
Two-dimensional chromatography is another approach frequently used for the 
characterization of molar mass, composition, and functionality distributions of polymer 
macromolecules. The hyphenation of SEC in a two-dimensional “orthogonal” mode has 
been applied to the characterization of amphiphilic copolymers [246-248]. Full co- 
polymer characterization can be achieved by measuring the bivariate distribution, i.e., 
with respect to masses and composition. This measurement is particularly important for 
co-polymers obtained at high conversion of co-monomers, because, usually, at that stage 
of co-polymerization, one of the two monomers is preferentially incorporated into the co- 
polymer chain. Therefore, the spread in composition increases as conversion progresses, 
and the resulting co-polymer displays compositional heterogeneity. Several methods have 
been suggested to determine the bivariate distribution of masses and composition in co- 
polymers. For these purposes, the co-polymer is usually fractionated by SEC, and the 
collected fractions are subsequently analyzed by various spectrometric techniques [249]. 
For example, the fractions can be analyzed by NMR to determine the co-polymer 
abundance and composition and then by MALDI-MS to determine the molar mass of each 
fraction. Finally, NMR and MALDI-MS data are combined with bivariate distribution 
models to yield bivariate distribution maps [249]. 

The molecular size of a homo/co-polymer molecule in solution is a function of its chain 
length and chemical composition, solvent, and temperature. It is, therefore possible to 
selectively separate polymers with respect to hydrodynamic volume, chemical 
composition, and functionality by the use of different modes of LC. When the adsorption 
effects between the polymer molecule and the column packing particles are dominated by 
the enthalpic interactions, Kp > 1 in the SEC general retention equation (Eqn. 5.1), and 
chromatography takes place in the adsorption mode. It is generally assumed that 
adsorption chromatography is more suitable than SEC for the characterization of 
chemically heterogeneous polymers. This can be performed in either isocratic or gradient 
elution modes. Gradient polymer elution chromatography (GPEC) in both reversed-phase 
(RP) and normal-phase (NP) modes have been applied in microstructural characterization 
of aromatic co-polymers [250]. Several examples of GPEC and its combination with SEC 
for the determination of CCD of co-polymers as well as FTD of telechelic polymers, 
polymer blends, and resins have been reported [251]. Determination of polymer structure 
by SEC is, besides protein research, one of the largest field of applications. SEC is capable 
of providing both, the molecular mass distribution and the polydispersity index. On-line 
linking with ESI-MS or combination with MALDI-TOF-MS as specific detectors provides 
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full structural information, including data on the nature of the end groups. Several reviews 
describe the application of SEC in the field of synthetic polymers [252]. 

A strategy for controlling the polymer topology through transition-metal catalysis has 
been described by Guan [253]. The molecular weight and intrinsic viscosity of the 
hyperbranched polymers were measured by MALDI-MS and SEC with triple detectors. 
Characterization of polyether and polyester polyurethane soft blocks was performed by 
MALDI-MS and compared with SEC/MALDI [254]. The SEC/MALDI results provide 
significantly larger values of M,, and polydispersity than MALDI alone. SEC is now 
considered to be a standard tool in the molecular characterization of commercial polymers. 
In this respect, two factors, i.e. repeatability and reproducibility, are important. In order to 
determine the variance in reproducibility, several interlaboratory studies (i.e., round-robin 
experiments) have been undertaken, and the round-robin experiments conducted in Europe 
have done much to raise awareness of quality issues in SEC. 

Recently, the results of an interlaboratory experiment in high-temperature SEC have 
been published [255]. Fifteen laboratories performed analyses of five polyethylene 
samples and two standards. It was found that the reproducibility, measured by the inter- 
laboratory standard deviation (sLAB) was greatly influenced by the width of the 
molecular-weight distribution (MWD) and branching. The s LAB values for M,, of linear 
polyethylenes of narrow and broad MWD were 4 and 14%, respectively. For branched 
polymers, SEC/viscometry methods were shown to measure significantly higher 
molecular weights than the non-hyphenated SEC method. For single-site polyethylene, 
only a couple of laboratories reported the MWD that closely matched the Flory 
distribution. It was concluded that many variations in instruments and analytical methods 
exist among laboratories, and that this technique must yet undergo many refinements 
before a truly standard method is widely accepted and implemented. Nevertheless, wide- 
ranging applications of SEC to the characterization of synthetic polymers, resins, coatings 
and paints were demonstrated, and some of the recent examples are given below. 
Calculations of the 7/M relationship for ethylene/propylene co-polymers have been 
performed, and the results were used for a theoretical examination of the effect of co- 
polymer composition on the calibration of SEC columns [256]. The kinetics of peroxide- 
induced degradation of polypropylene has been investigated by comparing the molecular- 
weight distributions, as determined by SEC measurement, and the impact of imperfect 
mixing on the MWD shift has been examined [257]. 

The application of SEC to the quantitative measurement of adhesion between 
polypropylene blends and paints, self-nucleation behavior of the polyethylene block in 
polystyrene/B-polyethylene/B-polycaprolactone triblock co-polymers, characterization of 
the molecular structure of highly isotactic polypropylene, as well as the use of SEC for the 
determination of chain-scission distribution function for polypropylene degradation, 
constitute some further examples of the use of this technique in studies of polyolefins 
[258-261]. Polypropylene oligomers were isolated from the polymer matrix and have 
been characterized by a combination of SEC with FTIR spectrometry and HPLC with UV 
detection [262]. An analytical strategy recently developed [263] for the analysis of 
polyisobutylenes, partially functionalized with isothiocyanate groups, involved coupling 
of capillary SEC, SEC, and RP-LC. By comparing the results obtained with these 
techniques, a complete characterization of the polymer was achieved, and the degree of 
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polymerization and relative quantity of the different series of macromolecular chains were 
estimated. SEC has been further utilized for the characterization of isobutylene co- 
polymers of various topology, such as poly(isobutylene/B-styrene) block co-polymers, 
triblock co-polymers with densely grafted styrenic end blocks (prepared from a poly- 
isobutylene macro-initiator), novel multiarm-star polyisobutylene/polystyrene thermo- 
plastic elastomers, linear and star-shaped block co-polymers of isobutylene, methacrylates 
(obtained by combination of living cationic and anionic polymerizations), and multiarm- 
star polyisobutylenes [264-268]. The application of SEC to PVC (polyvinyl chloride) 
characterization includes the determination of the MWD of commercial PVC, and was 
recently reported [269-271]. 

A comparison of the SEC performance with that of size-exclusion electrochromato- 
graphy (SEEC) for the mass distribution analysis of synthetic polymers, such as 
poly(methylmethacrylate) (PMMA), polycarbonate, polycaprolactam, poly(ethylene 
terephthalate), and polystyrene (PS) was recently published [272]. The repeatability of 
electro-osmotic flow control within-day, day-to-day and column-to-column was 
determined for SEEC with respect to retention and separation efficiency. It was shown 
that by using the retention ratio instead of the migration time, the precision of the mass 
distribution was sufficiently high, and that similar distributions were obtained for a sample 
analyzed by pressure-driven SEC and by SEEC. With the aid of direct on-line coupling of 
SEC with depolarization (D) multi-angle light scattering (SEC/DMALS), a method for 
studying optical anisotropy of polymers as a function of their molar mass has been 
developed [273]. The effects of tactic heavy-atom substitution on the main chain in the 
depolarization behavior of polymers were studied, using atactic and isotactic PMMA, 
atactic and brominated PS, and the semi-flexible polypeptide. An introduction to the 
theory of SEC/DMALS was also given. By combining gradient HPLC and SEC in a fully 
automated 2D chromatography setup, it was possible to simultaneously fingerprint the 
chemical composition and molar mass during investigations of the grafting of methyl- 
methacrylate onto ethene/propene/diene rubber [274]. Preparative SEC was used for 
fractionation of highly branched PMMA with an estimated degree of branching 
(3.7 branch-points per 100 monomer units). The fractions were characterized in solution 
by SEC/viscosity coupling and in the melt by visco-elastic spectroscopy [275]. 

Two experimental techniques, namely, SEC with fluorescence detection and SEC, 
coupled to forward recoil spectrometry (FRES), were used to monitor independently the 
extent of reaction between model end-functional polymers at a PS/PMMA interface [276]. 
This is of importance for investigations of polymer/polymer reaction kinetics and 
interfacial segregation during in situ reactive polymer compatibilization. Possibilities and 
limitations of photon correlation spectroscopy (PCS) in determining polymer molecular- 
weight distributions were studied in comparison with the results obtained by SEC for 
samples of PMMA having monomodal and bimodal distribution functions [277]. 
Evaluation of a single-capillary viscometer detector, coupled on-line to a SEC system, 
was performed, using various polymers that were soluble in organic (PS, PMMA, 
polyvinyl acetate (PVAc), PVC, polyalkylthiophene), and aqueous solvents (PEO, PEG, 
pullulan, and hyaluronan). Molar-mass distribution, intrinsic-viscosity distribution, and 
constants of the Mark-Houwink-Sakurada relationship were determined [278]. 
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Using polymers of complex macromolecular architectures, Stogiou et al. [279] recently 
tested the validity of the universal calibration curve (UCC) in SEC. The polymers studied 
included the microarm stars, H-shaped, and pi-shaped, as well as a model linear tetrablock 
co-polymer of the PS/PI/PS/polyisoprene type. It was found that the universality of the 
relation of log M7 vs. peak elution volume is also valid for these complex molecules. 
However, the determination of the molecular weight of a polymer with the UCC was found 
to be very sensitive to the molecular and compositional homogeneity of the sample. A 
qualitative analysis of secondary mechanisms in SEC of polymers through the mean value 
of the viscosimetric exponent has been reported by Gomez ef al. [280]. A computer 
simulation study for estimating the biases induced by branching under ideal fractionation 
and detection conditions was performed for the analysis of a styrene/butadiene graft co- 
polymer by SEC [281,282]. A novel polymerization model was developed for predicting 
the MWD, DBD (degree-of-branching distribution), and CCD for the total co-polymer and 
for each of its different branched topologies. To simulate the molecular-weight 
calibrations in SEC, the Zimm-Stockmayer equation was applied to each co-polymer 
topology. Negligible deviations due to branching were found in the MWD and the DBD 
with respect to the theoretical predictions. However, errors in the CCD were intolerably 
large and, consequently, it was concluded that the CCD cannot be estimated by SEC. 

Park et al. [283] have recently investigated the reaction products of polystyryllithium 
with air by SEC, temperature-gradient interaction chromatography (TGIC) and MALDI- 
TOF-MS. It was confirmed that polystyryl ketone, polystyry] alcohol, and directly coupled 
polystyrene were the major products, in addition to the normally terminated polystyrene. 
Moreover, polystyrenes, end-capped with methoxy and carboxylic acid groups, as well as 
dipolystyry] ether, were also identified as minor products. Comparative studies on polymer 
characterization by TGIC and by SEC have been reported by Chang et al. [284]. TGIC is a 
form of HPLC in which the column temperature is changed in a programmed manner to 
control the retention of polymeric species during isocratic elution. The polymers were 
separated by TGIC in terms of their molecular weights. TGIC was considered to be 
superior to SEC with respect to resolution and sample loading capacity, and was found to 
possess higher sensitivity to molecular weight in the analysis of nonlinear polymers. The 
advantage of TGIC over solvent-gradient HPLC arises from the fact that the former 
permits the use of RI detection methods, such as differential refractometry and light 
scattering due to the use of isocratic elution. In addition, temperature variation provides 
finer and more reproducible values of retention volume than does variation in solvent 
composition. Such control is important when the MWD is determined by secondary 
calibration methods. TGIC was successfully applied to the characterization of star-shaped 
polystyrene, and kinetics of linking between living polystyrene anions and chlorosilane 
linking agent were investigated in detail. Thermodynamic principles and some 
applications of the TGIC analysis were reported, and it was found that the MWD of 
anionically polymerized species is much narrower than generally assumed from SEC 
analysis. The TGIC separation conditions for PS, PI, PMMA, PVC, and PVAc over a wide 
molecular-weight range were established. Studies of band-broadening occurring in SEC 
were performed, using very narrow PS standards, obtained and characterized by TGIC. 
Recently, TGIC was applied in the separation of stereo-regular polyethyl methacrylate 
(PEMA) according to the polymer tacticity. To isolate the tacticity effect from the 
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molecular-weight effect on TGIC retention, the PEMA samples were fractionated by 
TGIC, and the accurate molecular weights of the fractions were determined by MALDI- 
TOF-MS. It was concluded that the retention in TGIC was affected by both the tacticity 
and the molecular weight [285,286]. 

A review on the recent progress in combining a full adsorption/desorption procedure 
with SEC (FAD/SEC) to the separation and characterization of co-polymers has been 
published by Nguyen and Berek [287]. FAD includes complete and selective adsorption 
of the polymer sample to be separated from a solvent promoting adsorption onto an 
appropriate adsorbent, which is packed into a designed LC-type microcolumn. In the 
following steps, macromolecules were displaced from the adsorbent by different eluents 
with increasing desorbing strength. The fractionation of polymers according to their 
MWD and CCD can be accomplished in the course of the FAD process [287]. Another 
review, covering the application of SEC to lipophils and biopolymers was also 
published by Berek [288]. A theoretical model and data analysis methods were recently 
proposed for SEC of step-growth polymers with cyclic species [289]. The measurement 
of MWD of many step-growth polymers is complicated due to the presence of cyclic 
oligomers, formed during polymerization. When SEC is used to determine the MWD, 
the cyclic oligomers are generally only partly separated from the linear polymer and, 
hence, distort the measured linear MWD. Moreover, the cyclic oligomers require a 
different calibration curve, in contrast to the linear species. Therefore, in general, 
their molecular weights are not accurately measured. The proposed model of the SEC 
separation of step-growth polymers with cyclic species was used for the 
characterization of these polymers by conventional and multi-detector SEC. The results 
were compared with experimental data for nylon 6, nylon 6.6, and polyethylene 
terephthalate. 

The molar mass distribution of several functional oligo-amides has been studied by 
SEC [290]. The molar masses determined by SEC were compared with the values obtained 
by chemical titration and by NMR analysis. The kinetics of the reaction of tosyl isocyanate 
with polyhexamethylene/pentamethylene carbonate diol has also been evaluated by SEC 
[291]. Studies on polybisphenol A carbonate (PC), by SEC/MALDI have been conducted 
by Montaudo and co-workers [292,293]. The investigations included end-group and 
molar-mass determination, as well as examination of self-association, and the mechanism 
of thermal oxidation. The results showed that MALDI spectra of the SEC fractions allow 
not only the detection of linear and cyclic oligomers in the polymer, but also the 
simultaneous determination of their average molar masses. Two slightly differing SEC 
calibration plots were obtained, due to the smaller hydrodynamic volume of the 
polycarbonate cyclic chains, compared to the linear ones. In agreement with theory, the 
(M-cycle/M-linear)v(e) ratio at a fixed elution volume was found to be 1.22, independent 
of the molar mass values. Thermal oxidation products of PC, generated by heating at 300 
and 350°C in air, were detected by SEC/MALDI. The SEC curves of the thermally 
oxidized samples showed extensive degradation as a function of heating time, up to the 
formation of oligomers having very low masses. Oxidized PC samples were subjected to 
SEC fractionation with collection of several fractions that were further analyzed off-line 
by MALDI/TOF. The mechanisms accounting for the formation of thermal oxidation 
products of PC involved several simultaneous reactions: 
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(a) hydrolysis of carbonate groups of PC to form free bisphenol A end groups, 

(b) oxidation of the isopropenyl groups of PC, and 

(c) oxidative coupling of phenolic end-groups to form biphenyl groups. The presence 

of biphenyl units among the thermal oxidation products confirmed the occurrence 

of cross-linking processes, which are responsible for the formation of the insoluble 

gel fraction. 
The biological polyesters have been systematically investigated [294], and SEC and 
ESI-MS" have been used to determine the sequence distribution and chemical structure of 
mass-selected macromolecules of poly-3-hydroxybutyrate-co-3-hydroxyvalerate (PHBV), 
a natural polyester macro-initiator, obtained by partial alkaline depolymerization of 
natural PHBV [295]. The microstructure of this bacterial co-polyester was assessed, 
starting from the dimer up to the oligomer containing 22 repeat units, and the results 
obtained were compared with those described previously involving other “soft” ionization 
MS techniques. The poly-3-hydroxybutyrate (HB)/co-e-caprolactone (CL) co-polyesters, 
derived via acid-catalyzed trans-esterification of natural PHB have been characterized by 
SEC and MALDI-TOF [296] with regard to their molecular weights, molar compositions, 
and average block length of repeating units. The MALDI-TOF mass spectra of samples 
fractionated by SEC made it possible to ascertain that co-polymers rich in HB units had 
mostly hydroxyl and carboxy] end-groups, while copolymers rich in CL units had mostly 
tosyl-, and carboxyl end groups. The structure of biomimetic PHB and poly-2-methy]-3- 
hydroxyoctanoate was established by ESI/MS" and SEC analyses. The addition/elimi- 
nation mechanism of the polymerization of B-lactones containing a-hydrogen by alkoxide 
anion was demonstrated to be true for B-lactones having alkyl] substituents in both a- and 
B-positions [297]. The comparison of SEC and ESI-MS results for the analysis of water- 
soluble racemic PHB oligomers (from dimer to dodecamer) was performed, based on ESI- 
selective ion-display patterns of individual macromolecular ions [298]. The structure 
of the water-soluble oligomers, composed of racemic PHB, covalently conjugated to 
L-alanine and Ala-Ala-Ala oligopeptide has also been assessed by ESI/MS", and the 
respective structural information on each has been complemented by SEC analyses [299]. 
SEC and MALDI-TOF-MS have recently been used to determine product molecular 
weight and end-group structure in mass-selective lipase-catalyzed poly(e-caprolactone) 
transesterification reactions [300]. These studies have shown how enzymatic trans- 
esterification reactions can be further developed to provide oligomers with well-defined 
length and end-group structure. 

Novel block co-polymers, based on 2-vinylpyridine (2VP) and s-caprolactone (CL), 
which are expected to be useful pigment-dispersing agents for TiO, in, e.g., polyester 
powder coatings, have been characterized by SEC [301]. It was found that part of the 
living 2VP chains was deactivated immediately after addition of CL, which yielded 
bimodal MWD. A comparison of SEC with ESI-MS and with MALDI-TOF-MS for the 
characterization of polyester resins has been reported. A series of 17 polyester paint resins 
has been analyzed in order to compare the structural and molecular-weight data derived 
from each technique [302]. The optimization of sample preparation and laser power were 
found to be important factors in obtaining constant MWD by MALDI. However, the use of 
SEC for the fractionation of polyester samples prior to ESI or MALDI analysis showed 
that both techniques significantly underestimated the average molecular weights of the 
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polydisperse polyesters. Differences in the relative abundances of branched and cyclic 
species in ESI vs. MALDI mass spectra were also noted. It was concluded that it would be 
useful to employ both techniques to ensure complete characterization of complex polymer 
samples by SEC. A novel analytical method, called two-dimensional correlation gel 
permeation chromatography, has recently been introduced in a study of the octyltrieth- 
oxysilane sol/gel polymerization process [303]. This technique, based on the combination 
of 2D-correlation analysis and time-resolved SEC, is a useful method for studying 
polymerization processes. A combination of LC with ESI orthogonal acceleration time-of- 
flight (oaTOF) MS has been applied in on-line polymer analysis [304]. In one 
experimental setup, three different LC modes were interfaced with MS: SEC/MS, 
GPEC/MS, and LC-CAP/MS. 


5.7.2 Proteins and polypeptides 


One of the challenges of the last decade has been the identification of critical cellular 
markers of neurodegenerative diseases. Such markers include amyloid beta (Af) protein 
and its fragments, prion proteins, etc. Cells and tissues contain thousands of proteins (an 
average of ca. 10,000 proteins per cell). A complete analysis of the entire protein content, 
as well as their structures and interactions with other molecules, is an objective of an 
increasing importance, bearing in mind the long-term goal of developing novel drugs. 
Handling of such complex mixtures has been the subject of many reviews, and despite 
several methodological breakthroughs [3,305-—309], a consensus on the most suitable and 
reproducible strategy has not been achieved. A polymerized form of recombinant mouse 
prion protein (mPrP) domain 23—231 [mPrP-(23—231)], designated mPrP-z, was recently 
generated [310] and isolated by RP-HPLC or size-exclusion HPLC. Transgenic mouse AB 
peptides were purified by sequential SEC and RP-LC, and subjected to amino acid 
sequencing and MS [311]. Analysis of the in vivo-derived AB polypeptides by on-line 
2D-chromatography/MS was performed to detect AB 1-40 and AB 1-42 directly in cell 
lysates [312]. The method consisted of on-line SEC to provide initial separation of 
analytes from the sample (based on their molecular mass), coupled with sample 
concentration prior to analysis by microbore LC/MS. 

The chromatographic system Akta-Purifier 10, scaled up for preparative HPLC, was 
used for the purification of substance P (SP) endopeptidase activity in the ventral 
tegmental area (VTA) of the rat brain [313]. By use of this strategy, it was possible to 
achieve a purification factor of almost 7500, based on the specific activity. Righetti and 
Verzola [19] discussed the usefulness of present methodologies in the study of folding/ 
unfolding/refolding of proteins in comparison with the capabilities of capillary zone 
electrophoresis. The effect of enzyme inhibitors on protein quaternary structure has been 
determined by on-line SEC/MS [314]. SEC and electrophoretic separation techniques 
have been used by Underberg ef al. [315] to investigate the physical stability of peptides 
and proteins. These authors also presented an overview of various separation and detection 
techniques for peptides and proteins that have been used in stability research and 
biochemical analysis. Assembling of y- with a-globin chains to form human fetal 
hemoglobin in vitro and in vivo was verified by SEC [316]. Analytical-scale SEC was 
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applied to the large-scale production of recombinant hepatitis B surface antigen from 
Pichia pastoris [317]. 

Direct interaction of a high-affinity complex between the bacterial outer membrane 
protein, FhuA, and the phage T5 protein, pb5, has been demonstrated by isolating a 
pbS5/FhuA complex by SEC [318]. Kim and Park [319] used this method to test the 
aggregation stability of encapsulated recombinant human growth hormone. The behavior 
of gelatin in dilute aqueous solution has been studied with the objective of designing a 
nanoparticulate formulation by using SEC under various conditions of time, temperature, 
pH, and ethanol concentration [320]. Kinetics and thermodynamics of dimer formation 
and dissociation for a recombinant humanized monoclonal antibody against vascular 
endothelial growth factor were investigated as a function of pH, temperature, and ionic 
strength by SEC, using the concentration jump method [321]. The relevance of techniques, 
such as analytical ultracentrifugation, SEC, and MS in the structural investigation of 
detergent-solubilized membrane proteins was discussed by LeMaire et al. [322]. A simple 
chromatographic assay for Rab geranylgeranyl transferase has been developed [323]. 
The method involves separation of the reaction mixture on a Sephadex G-25 Superfine 
minicolumn. 

The proteome determines the cellular phenotype, and the regulation of the entire inter- 
and intracellular network requires simultaneous monitoring [324-326]. Data from 2D- 
separation techniques, such as 2D-gas chromatography (GC X GC), liquid chromatog- 
raphy/liquid chromatography (LC X LC), and liquid chromatography/capillary electro- 
phoresis (LC X CE) can be readily analyzed by various chemometric methods to increase 
the information content of chemical analysis [327]. Proteolysis of whole-cell extracts with 
application of immobilized-enzyme columns as a part of multi-dimensional chromatog- 
raphy, was investigated by Wang and Regnier [328]. The effectiveness of proteolysis was 
evaluated with extracts of E. coli, the extent of degradation being monitored by SEC. Hille 
et al. [329] proposed a combined technique, involving capillary isoelectric focusing 
coupled to mass spectrometry (CIEF/MS") and preparative IEF, followed by SEC linked to 
MS (PIEF/SEC/MS) to improve automation, speed, and precision of proteome analysis. 
Peptide mapping with combinations of SEC, RP-LC, and CE was reported by Stromqvist 
[330]. Recombinant extracellular superoxide dismutase was proteolytically degraded by 
trypsin, and the digest was fractionated by three different separation techniques, among 
them SEC. Zhang et al. [331] showed how several preparative steps were essential for 
obtaining information about modified human lens f-crystallins. The preparative 
techniques prior to MS included SEC, RP-LC, 2D-PAGE, in situ digestion of the 
proteins, and peptide trapping before the final LC/MS analysis. To understand the 
structural properties of buffalo growth hormone, an equilibrium denaturation with 
guanidine chloride was carried out and was monitored by UV spectroscopy, intrinsic 
fluorescence spectroscopy, far-UV circular dichroism, and SEC [332]. Native, unfolded/ 
refolded frutalin and a distinct molecular form denoted “misfolded”, were separated on 
Superdex 75 [333]. On-line coupling of SEC with imaged capillary isoelectric focusing 
and a membrane interface for proteins separation have been described by Tragas and 
Pawliszyn [334]. The system is equivalent to 2D-PAGE, transferring the principle of 
2D-separation to the capillary format. 
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5.7.3 Molecular biology 


SEC and denaturing gel electrophoresis of a recombinant enzyme was applied [335] to 
characterize NADH-dependent methylenetetrahydrofolate reductase from higher plants 
and to prove that it exists as a dimer of ca. 66-kDa subunits. SEC analysis of adenovirus 
particles has also been reported [336]. DNA binding properties of basic helix-loop-helix 
fusion proteins of Tal and E47 have been investigated [337]. It has been concluded from 
the SEC studies that all mutant and fusion proteins are dimeric. Pacek et al. [338] studied 
DNA box sequences as the site for helicase delivery during plasmid RK2 replication 
initiation in E. coli, and Shirakawa et al. [339] investigated the targeting of high-mobility 
proteins in chromatin. Meyer and co-workers [340] observed a difference with respect to 
dimer formation between native PrP(C) and recombinant PrP prion proteins. Application 
of various strategies, including SEC, to the purification of tumor-specific immuno- 
therapeutics, obtained by recombinant DNA technology, was reviewed by Matthey et al. 
[341]. SEC was also applied in an automated one-step DNA sequencing technique [342], 
based on the nanoliter reaction volumes and capillary electrophoresis. The reaction 
products were purified by SEC, followed by an on-line injection of the DNA fragments 
into a capillary. Over 450 bases of DNA could be separated and identified by this 
technique. A review including descriptions of various separation techniques used in 
nucleic acid research was published by Takenaka and Kondo [343]. For large natural 
polymers, such as double-stranded DNA molecules or synthetic polymers, slalom 
chromatography (SC) or hydrodynamic chromatography (HDC) can be applied. The 
elution order in HDC is the same as in SEC. On the other hand, the observed elution order 
of double-stranded DNA molecules is the opposite of that expected for HDC or SEC [344]. 
The theory and validation for these methods have been described [345-347]. All three 
modes can be treated as complementary and linked in a global separation mechanism, 
utilizing a nonequilibrium chromatographic principle. 


5.7.4 Carbohydrates 


Methods for the preparation and characterization of hyaluronan oligosaccharides of 
defined length have been recently reported [348]. The preparations obtained by SEC were 
characterized by a combination of ESI-MS, MALDI-TOF-MS, and fluorophore-assisted 
carbohydrate electrophoresis. Another approach to the analysis of polysaccharide 
materials employs SEC [349], followed by detection by on-line ESI-MS and off-line 
MALDI-TOF-MS. It was demonstrated that formation of the multiply charged oligomers 
that bind up to five sodium cations permits the rapid analysis of polysaccharides with 
molecular masses in excess of 9 kDa. Isolation and purification of proteoglycans by 
SEC was the subject of a review by Fedarko [350]. Characterization of the molar masses 
of hemicelluloses from wood and pulps by SEC and MALDI-TOF-MS has been 
reported by Jacobs et al. [351]. Negative-ion (NI)-ESI-MS and SEC have been used to 
reveal structural heterogeneity in k-carrageenan oligosaccharides [352]. HP-SEC, 
combined with isotope-ratio MS, was applied by Abramson et al. [353] to measure low 
levels of underivatized materials, such as proteins, carbohydrates, and nucleotides. 
This combination produces a device capable of measuring very low alterations in 
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'3C abundance from analyte species that cannot be volatilized. The occurrence of 
internally (1 — 5)-linked arabinofuranose and arabinopyranose residues in arabinoga- 
lactan side-chains from soybean pectic substances was investigated by Huisman et al. 
[354], and the compositional analysis of glycosaminoglycans by SEC/MS has recently 
been described by Zaia and Costello [355]. The distribution of 4-O-methylglucuronic acid 
residues along the polysaccharide chains of xylans, isolated from various trees, has been 
studied by analysing the oligosaccharide mixtures obtained by partial acid hydrolysis 
[356]. The hydrolysates thus obtained were analyzed by MALDI-MS or by capillary 
electrophoresis as well as by SEC in combination with MALDI-MS. Fructans (fructo- 
oligosaccharides and inulin) originally extracted from chicory roots have been separated 
by continuous annular and fixed-bed conventional gel chromatography [357]. Both 
columns were packed with Toyopearl HW 40 (S) and eluted with de-ionized water. The 
productivity of the annular system was found to be 25 times higher than the conventional 
system. More detailed information on SEC analysis of oligosaccharides and polysacchar- 
ides can be found in Chap. 18 of this book. 


5.7.5 Other applications 


SEC is a very useful tool for investigating the self-association of many substances, 
such as surfactants, chlorpromazine hydrochloride, Methylene Blue, and a sulfobetaine 
derivative (CHAPS) of cholic acid [358]. The SEC of lipids has been described in 
several reviews [359,360]. More recently, its use in the detection of diacylglycerols and 
other compounds to verify the quality and authenticity of olive oil has been reported by 
Dauwe et al. [361]. MS of myelin proteolipids, pre-separated by means of SEC with an 
organic solvent as the mobile phase, has been described [362]. Humic substances have 
been analyzed by APCI and ESI-MS in positive and negative modes, in combination 
with SEC [363]. The effects of ozone, chlorine, hydrogen peroxide, and permanganate on 
aquatic humic matter with different molecular-size fractions, and the formation of 
organic acids in drinking water have been studied by SEC [364]. Aquatic humus in lake 
water, artificially recharged groundwater, and purified, artificially recharged groundwater 
were fractionated by HP-SEC/UV before and after oxidation. Fractionation of natural 
organic matter in drinking water by SEC and characterization by ee cross-polarization 
magic-angle spinning NMR spectroscopy and SEC have been achieved by Wong et al. 
[365]. Studies of specific interactions of organic substances, such as alcohols, mono- and 
dicarboxylic acids, aromatic acids, and amino acids were conducted by Specht and 
Frimmel [366]. Adsorption of several different organic polyelectrolytes from aqueous 
solution by activated carbon was investigated by Kilduff et al. [367]. The 
polyelectrolytes studied included humic acids, extracted from peat and soil, polymaleic 
acid, a synthetic polymer identified as a fulvic acid surrogate, and natural organic matter 
in river water. 

A method has been developed [368] for analyzing pesticides in dust. For non-acidic 
pesticides, the extract, after centrifugation and filtration, was purified by SEC and then 
analyzed by GC/MS. Coupling of SEC to LC/MS for the determination of trace levels of 
thifensulfuron-methyl and tribenuron-methyl in cottonseed and cotton gin trash has been 
described [369]. An on-line SEC/GC method for the detection and quantification of 
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organophosphorous pesticides in crude edible oils was described by Jongenotter and 
Janssen [370]. Other compounds, such as sterols and wax esters were also identified by 
an off-line technique. SEC on a Bio-Beads SX-3 column, followed by a dual GC 
determination has been developed by Jover and Bayona [371] for a multi-class pesticide 
determination in lanolin. The effluent from the analytical column (50% diphenylmethyl- 
or 14% cyanopropylphenylpolysiloxane) was split into an electron capture detection 
(ECD) and a nitrogen phosphorous detection (NPD) system. That system was optimized 
for 28 pesticides commonly used to control sheep pests. The molecular-mass 
distributions of organic poly-electrolytes remaining in solution after equilibration with 
various amounts of activated carbon were determined by HP-SEC. The shape separations 
of suspended gold nanoparticles were investigated by Wei et al., using SEC [372]. A 
sample of Athabasca bitumen was fractionated by preparative SEC, and the MWD of five 
fractions and of the original sample were determined by SEC, using a calibration based 
on polystyrene standards [373]. SEC on Sephacryl S-1000 has recently been used by Loa 
et al. to purify turkey coronavirus (TCoV) from infected turkey embryos [374]. 
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6.1 INTRODUCTION 


Planar chromatography (PC) is a collective term including all analytical, 
micropreparative, and preparative separation methods where the mobile phase moves 
through the stationary phase (porous sorbent) in a planar arrangement. The movement of 
compounds to be separated by PC is the result of two opposing forces, the driving force 
of the solvent system and the retarding action of the stationary phase [1]. The planar 
geometry (flat bed) has several advantages, such as simplicity, flexibility, parallel 
analysis of a large number of samples, various development modes, as well as the 
applicability of selective and specific chemical and biological detection methods. A 
disadvantage of PC is that a certain amount of skill and experience is required to derive 
full benefit from its possibilities, due to the relatively large number of parameters 
influencing the result [2]. 

In the present chapter on PC only a short mention is made of paper chromatography, 
since this technique has been eclipsed by the faster, more efficient, and more sensitive 
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method of thin-layer chromatography (TLC), and because both TLC and paper 
chromatography are very closely related in their technical aspects [3]. Because it is 
difficult to find a sharp borderline between classical TLC and high-performance TLC 
(HPTLC), both are discussed side by side in this chapter. The term mobile phase is more 
appropriate in forced-flow planar chromatography (FFPC), where it migrates in a closed 
system; hence the term solvent system [2] should be used for classical TLC/HPTLC. Three 
topics are discussed in greater detail in this chapter: The various chamber types and 
development modes, which are only practicable in PC, and the newer FFPC methods. 
The topic of PC has been surveyed in detail for paper chromatography [4,5], classical 
TLC [6-12], and HPTLC [13-16]. The principles and possibilities of the FFPC techniques 
and the state of the art of modern planar chromatography have also been reviewed 
recently [18-22]. The fundamentals of modern PC are discussed in detail in the textbook 
by Geiss [1]. The state of art of planar chromatography — a retrospective view for the 
third millennium was recently summarized in 29 chapters [23]. 


6.2 CLASSIFICATION OF PLANAR CHROMATOGRAPHIC TECHNIQUES 


Planar chromatography can be classified from different points of view, e.g., (a) the flow 
of the solvent system/mobile phase, (b) the nature of the stationary phase, (c) the 
mechanism of the separation, (d) the polarity relation between the mobile and stationary 
phase, (e) the aim of the separation, and (f) whether the principal steps are performed as 
separate operations or not. 

(a) The solvent can migrate through the stationary phase by capillary action or under 
the influence of forced flow. Forced flow can be achieved either by application of 
external pressure [overpressured-layer chromatography (OPLC)] [24-28], an 
electric field [electro planar chromatography (EPC)] [17,29-31], or by centrifugal 
force [rotation planar chromatography (RPC)] [32-36]. The superior efficiency of 
FFPC techniques, comparing their analytical properties with those of classical TLC 
and HPTLC [25], are schematically demonstrated in Fig. 6.1. FFPC techniques 
permit the advantage of optimal mobile-phase velocity to be exploited over 
practically the whole separation distance without loss of resolution. This effect is 
independent of the type of forced flow and the layer thickness used. 

(b) PC can also be classified as TLC and HPTLC, based on the average particle size. 
Pre-coated TLC uses an average particle size of ca. 11 wm, ranging from 3 to 
18 ym. The average particle size of HPTLC plates is now 5—6 um with a very 
small range of particle sizes. In both categories, the solvent migrates through a layer 
of porous stationary phase, which is generally bound to an inert support in a planar 
configuration. 

(c) Depending on its nature, the stationary phase promotes the separation of compounds 
by adsorption, partition, ion-exchange, or size-exclusion separation processes. 
Some types of stationary phases cannot be classified into these four basic classes, 
and separations actually involve a combination of these four basic mechanisms. 

(d) In normal-phase (NP) PC the sorbent is more polar than the solvent system, whereas 
in reversed-phase (RP) PC the stationary phase is less polar than the mobile phase. 
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Fig. 6.1. Comparison of capillary flow-controlled and forced-flow planar chromatographic methods 
for different plates and chamber types. The developing distance from the start to the solvent front (X) 
is plotted against plate height (H). Nuys = normal, unsaturated chamber, UM = ultramicrochamber, 
Ng = normal, saturated chamber. 


(e) An aim of a separation may be analysis for the qualitative assay or quantitative 
determination of the separated compounds. Another goal of PC may be a preparative 
separation for the isolation or purification of substances. 

(f) PC may be also classified as an off-line or an on-line separation technique. Classical 
TLC for analytical purposes is a typical fully off-line process, where the principal 
steps of sample application, development, evaporation of the solvent system, and 
densitometric evaluation are performed as separate operation steps. In preparative 
applications the separated substances are not subjected to in situ quantification, but 
instead, the zones are scratched off the support and the separated compounds are 
eluted from the sorbent, using a solvent of high solvent strength. 

In the fully on-line mode the principal steps are not performed as separate operations; 
rather, the separated compounds are drained from the layer [37,38]. If an FFPC system is 
equipped with an injector and a detector, the various off-line and on-line operations can 
also be combined. Possible combinations are off-line sample application and on-line 
separation/detection, or on-line sample application/separation and off-line detection. 
OPLC can be used for fully on-line analytical separations, while for preparative 
separations not only OPLC but also RPC may be used [14] by connection to a 
flow-through detector, recorder and/or by collection of isolated compounds with a fraction 
collector. 
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6.3 PRINCIPLES OF PLANAR CHROMATOGRAPHIC METHODS 


6.3.1 Capillary flow-controlled planar chromatography 


The driving force for solvent migration in classical TLC is the decrease in free energy 
of the liquid as it enters the porous structure of the layer; the transport mechanism is the 
result of the capillary effects [39]. Under these conditions the velocity at which the solvent 
moves is a function of the distance of the solvent front from the solvent entry position: the 
velocity declines at this distance increases. The consequences of this effect are the 
following: 

— the solvent system velocity varies as a function of time and migration distance, 
therefore, capillary forces are inadequate for achieving the desired optimum 
velocity; 

— the solvent system velocity is established by the system variables and is otherwise 
beyond experimental control. The solvent system velocity can only be reproduced 
by careful attention to experimental details. 

Classical TLC or HPTLC is a fully off-line process, because the principal steps are 

performed as separate operations; quantitative determination is usually performed in situ 
on the plate. 


6.3.2 Forced-flow planar chromatography 
6.3.2.1 Overpressured-layer chromatography 


Apart from capillary action, the driving force for solvent migration in OPLC is external 
pressure [24]. Depending on the desired mobile-phase velocity, low (2—5 bar), medium 
(10-30 bar), and high (50—100 bar) operating pressures can be used [31]. In OPLC the 
vapor phase is completely eliminated, the chromatoplate being covered with an elastic 
membrane under external pressure; thus, the separation can be carried out under 
controllable conditions. The principle of the method is shown in the schematic drawing of 
the instrument in Sec. 6.5.1. The separation may be started with a dry layer, as in classical 
TLC, but the closed system also permits performance of a fully on-line separation, where 
the separation can be started with a mobile-phase-equilibrated stationary-phase system, as 
in high-performance liquid chromatography [40]. 


6.3.2.2 Rotation planar chromatography 


In RPC the driving force for solvent migration is the centrifugal force, in addition to 
capillary action. The samples are applied to the rotating stationary phase near the center. 
The centrifugal force drives the mobile phase through the sorbent from the center to the 
periphery of the plate. For analytical purposes (Fig. 6.1a), up to 72 sample can be applied, 
and quantification can be carried out in situ on the plate [34—36]. For micropreparative and 
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Fig. 6.2. Principle of (a) analytical RPC, (b) preparative RPC, and (c) analytical EPC. 


preparative purposes only one sample is applied as a circle; the separations can be carried 
out either in the off-line or on-line mode. In the latter, the separated compounds are eluted 
from the stationary phase by the centrifugal force and collected in a fraction collector, as 
shown in Fig. 6.2b [41]. 


6.3.2.3 Electro planar chromatography 


In EPC — earlier name: high-speed TLC [29] — in addition to capillary action, the 
driving force for solvent migration is the electric field, with a voltage gradient greater than 
1 kV/cm [42]. During EPC, the components of the sample are separated simultaneously by 
two processes, electrophoresis, and adsorption. The use of an electric field results in the 
reduction of analysis time and a higher theoretical-plate number; therefore better 
separation can be achieved [30]. The principle of EPC is shown in Fig. 6.2c. 


6.4 PRINCIPAL FACTORS IN PLANAR CHROMATOGRAPHY 


The chromatographic processes in analytical or preparative PC are basically the same, 
regardless of whether the driving force is capillary action alone or augmented by 
additional forces. Among the factors which may influence PC separations, the chamber 
types and development modes deserve special treatment. 


6.4.1 Stationary phase 


Most users prefer the commercially available precoated layers to preparing their own 
plates. Besides saving time, precoated layers have the advantage of much higher 
reproducibility than can be obtained with self-prepared plates. Generally, two types of pre- 
coated plates are available, viz. unmodified sorbents and modified silicas in layer 
thicknesses of 0.1—2 mm. For analytical separations the layer thickness should be between 
0.1-0.25 mm, whereas for preparative purposes 0.5-mm, l-mm, and 2-mm layer 
thicknesses are available. 
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The unmodified stationary phases include silicas, aluminas, Kieselguhr, silicates, 
controlled-porosity glass, cellulose, starch, gypsum, polyamides, and chitin [43]. For TLC 
and HPTLC the most frequently used stationary phase is silica. It is prepared by 
spontaneous polymerization and dehydration of aqueous silicic acid, which is generated 
by adding acid to a solution of sodium silicate. The product of this process is an 
amorphous, porous solid, the specific surface area of which can vary over a wide range 
(200 to more than 1000 m7/g), as can the average pore diameter (10-1500 A) [2,44]. 
Modified silicas may be nonpolar or polar sorbents. The former class includes silicas 
bearing alkane chains or phenyl groups, while the polar modified silicas contain cyano, 
diol, amino, or thiol groups or substance-specific complexing ligands [45,46]. The 
structures of some chemically modified silicas are shown in Fig. 6.3. 


Future 
developments 


Chiral layers vy 


Fig. 6.3. Structures of some commercially available surface-modified silicas. 


It is generally accepted that resolution is higher on a thinner layer (0.1 mm), but this 
effect is also dependent on the detection mode [47]. Commercially available analytical 
thin-layer plates have dimensions of 10 X 10, 10 X 20, or 20 X 20 cm. The silica materials 
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commonly used for pre-coated plates have an average particle size of ca. 11 wm, ranging 
from 3 to 18 wm; for self-prepared analytical layers the average particle size is 15 jm, and 
the range of particle sizes is much greater. The average particle size of pre-coated HPTLC 
plates is now 5—6 pm, with a very small range of particle sizes. Various pre-coated 
analytical layers with a pre-adsorbent zone are also commercially available for linear 
development. This zone serves to hold the sample until development begins. Compounds 
soluble in the solvent system pass through the pre-adsorbent zone and are concentrated in a 
narrow band before entering the chromatographic layer proper, and this improves their 
resolution. Just about all the stationary phases used in NP- and RP-HPLC are now also 
available for PC [1,48]. 


6.4.2 Sample amount and application 


The process of sample application is one of the most important steps for a successful PC 
separation [49]. The aim of sample application is quantitative transfer of the sample to the 
layer in such a way that the sample penetrates the layer to form a compact zone of 
minimum size without causing damage to the layer. The sample should be dissolved in a 
nonpolar, volatile solvent in such a concentration that the components of the sample are 
adsorbed throughout the whole thickness of the plate and not only on the surface of the 
layer. Local overloading may distort the applied bands, since the rate of dissolution of the 
components in the solvent system will then become a limiting factor [11]. 

Samples can be applied by contact transfer as spots or by spraying as bands or 
rectangles. Narrow bands as starting zones ensure the highest resolution, even when a 
large number of substances with minimal differences between migration characteristics 
must be distinguished. For spot-wise application, a peak capacity value of 9.5 is calculated 
for a track length of 50 mm, compared with a peak capacity value of 14.4 for band-wise 
application. Because mass distribution is uniform over the full length of the bands, 
densitometric evaluation can be performed by aliquot scanning; this ensures maximum 
quantitative accuracy. Spot broadening in the direction of development is smaller for 
bands than for spots. Overloading of the stationary phase, which can lead to spot tailing, 
can thus be avoided by use of this technique [50]. Spraying in the form of rectangles 
enables the application of large volumes [51]. Before developing the plate, the rectangles 
are focused into narrow bands by means of a solvent of high solvent strength. Spraying 
with this technique enables the application of larger volumes. 

Among the various applicators designed for the deposition of small sample volumes on 
the chromatoplates, the microcapillary (especially Pt-Ir capillary) is one of the simplest 
and most useful. An alternative to these capillaries is the microsyringe, which offers 
greater flexibility in the choice of sample volume. Use of automatic applicators enables 
rapid and reproducible sample application. In automated instruments for sample streaking 
the plate moves beneath a syringe, containing the sample solution. An atomizer, operating 
with a controlled stream of nitrogen, sprays the sample from the syringe, forming narrow 
spots (with a stationary plate) or homogeneous bands (with a moving plate) on the 
stationary phase [50]. 
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6.4.3 Solvent system and its optimization 


Solvent system optimization can be performed by trial and error, solvent selection 
being based both on the analyst’s experience and intuition and on modifications of 
published data. However, as the sample composition becomes more complex, systematic 
solvent optimization becomes more important. The methods used for optimizing isocratic 
mobile phases in HPLC (Chap. 1) are generally also applicable, with some modifications, 
to PC. Window diagrams have been successfully applied to the optimization of PC solvent 
systems [52-54]. Similarly, overlapping-resolution maps were used as criterion by Issaq 
et al. [55] and by Nurok et al. [56], who also extended this approach to continuous 
development. The fruitful application of the sequential simplex method was also reported 
[57,58]. 

Geiss [2] has suggested a structural approach, which assumes that selectivity and 
solvent strength are independent variables. For this optimization process he used the Vario 
KS chamber (Sec. 6.4.4.2), and three strong solvents (methyl tert-butyl ether, acetonitrile, 
and methanol). All three solvents were diluted with a suitable amount of a weaker fourth 
solvent (F-113 or 1,2-dichloroethane) to obtain a series of solutions spanning the solvent 
strength (e°) range from 0.0 to 0.70 in increments of 0.05 e°. In the next step, the 
appropriate solvent strength must be determined. Once this has been identified, fine-tuning 
is accomplished by blending solvent mixtures of this strength but of different selectivity. 
Many elegant separations have been achieved in this manner, but this method reduces the 
number of solvents available for optimization. 

On the basis of Snyder’s solvent characterization [59], the solvent optimization 
method, called the “PRISMA” system [60-65] has been developed. It consists of three 
parts: In the first part, the basic parameters, such as the stationary phase and the individual 
solvents are selected by TLC. In the second part, the optimal combination of these solvents 
is selected by means of the “PRISMA” model. The third part of the system includes 
selection of the appropriate FFPC technique (OPLC or RPC) and HPTLC plates, selection 
of the development mode, and finally, application of the optimized mobile phase in the 
various analytical and preparative chromatographic techniques. The tripartite “PRISMA” 
system is shown in Fig. 6.4. 

After selection of the stationary phase, the recommended initial optimization step in 
the first part of the “PRISMA” system is TLC with each of ten neat solvents — 
characterized by their solvent strength (s;) and selectivity value (s,) [109] — selected on 
the basis of their miscibility with hexane and representing at least one member of each 
of Snyder’s eight selectivity groups (Table 6.1). For the separation of nonpolar 
compounds, the solvent strength can be decreased with hexane; for the separation of 
polar compounds the solvent strength can be increased by adding water or another polar 
solvent in low concentration, to bring the R; values of the compounds to be separated 
into a range of 0.2—0.8. Generally, the solvents giving the best resolutions are then 
selected for further optimization. After selection of the solvents, the second part of the 
system, the construction of the “PRISMA” model, is begun. Generally, between two and 
five solvents may be selected; modifiers may also be added. The tripartite “PRISMA” 
model is a three-dimensional geometric construction, which correlates the solvent 
strength with the selectivity of the solvent system. As a rule, in normal-phase PC, the 
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Part Ill. 


SELECTION OPTIMIZATION OF SELECTION 
OF THE BASIC CONDITIONS MOBILE PHASE OF THE FINAL CONDITIONS 


Selection of the stationary phase Selection of the appropriate 
development mode 

[normal or bonded phase] 

(circular, anticircular or different types 
of multiple development] 
Selection of the vapor phase 
[saturated or non-saturated] Transfer of the optimized analytical 
mobile phase 


Selection of suitable solvents 
[According to the Snyder classification of to the various 
solvents in accordance with their analytical forced-flow planar or 
properties as proton acceptors, proton column chromatographic methods 
donors and their dipole interactions] 


to the various 
preparative forced- flow planar or 
column chromatographic methods 


Selection of the appropriate operating 
conditions 


[particle size; flow rate; separation 
distance; sample loading] 


Fig. 6.4. The “PRISMA” system in planar chromatography. (Reprinted from Ref. 70 with 
permission.) 


upper frustrum is used for solvent optimization for polar compounds, the center portion 
of the prism is used for solvent optimization for nonpolar compounds, and the lower 
part symbolizes the modifiers. The third part of the procedure includes selection of the 
development mode (circular, linear, or anticircular), the appropriate forced-flow 
chromatographic technique (OPLC or RPC) with HPTLC plates, transfer of the 
optimized mobile phase to the various analytical and/or planar or column preparative 
liquid-chromatographic techniques, and selection of the operating conditions. The 
“PRISMA” system offers special possibilities for solving difficult PC separation 
problems. For details the reader is referred to Ref. 55, where the whole optimization 
process is presented with the help of flow charts. Strategies for optimizing the solvent 
systems for PC, including the two-dimensional TLC separations, have been summarized 
by Geiss [2], Nurok [66,67], as well as by Siouffi and Abbou [68]. 


6.4.4 Chamber type and vapor phase 


Selection of the chamber type and vapor space is a variable offered only by PC, because 
the separation process occurs in a three-phase system of stationary, mobile, and vapor 
phases, all of which interact with one another until equilibrium is reached [69]. Basically, 
one can distinguish between the normal (N) chamber and the sandwich (S) chamber. In the 
common N-chamber there is a distance of more than 3 mm between the layer and the wall 
(or between the layer and the lid of the chamber in horizontal development) of the 
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TABLE 6.1 


SOLVENTS PROPOSED FOR MOBILE-PHASE OPTIMIZATION IN PC 
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Group Solvent Solvent strength (S;) Selectivity value (S,) 
- n-Hexane ca. 0 ca. 0.01 
I n-Butyl ether 2.1 2.44 
Diisopropyl ether 2.4 3.43 
Methyl! butyl ether 2.4 3.50 
Diethyl ether* 2.8 4.08 
II n-Butanol 3.9 3.11 
2-Propanol* 3.9 2.89 
1-Propanol 4.0 2.84 
Ethanol* 4.3 2.74 
Methanol 5.1 2.18 
Il Tetrahydrofuran* 4.0 1.90 
Pyridine 5.3 1.85 
Methoxyethanol Bi) 1.59 
Dimethylformamide 6.4 1.86 
IV Acetic acid® 6.0 1.26 
Formamide 9.6 1.57 
Vv Dichloromethane* 3.1 1.61 
1,1-Dichloroethane 3.5 1.43 
VI Ethyl acetate” 44 1.48 
Methyl ethyl ketone 4.7 1.59 
Dioxane* 48 1.50 
Acetone 5.1 1.52 
Acetonitrile 5.8 1.15 
VII Toluene* 2.4 0.89 
Benzene 2:7 0.72 
VI Chloroform* 4.1 0.61 
Water 10.2 1.00 


“Proposed solvents for the first experiments for mobile-phase optimization wher using the 
“PRISMA” optimization system. 


chromatographic tank. If this distance is smaller, the chamber is said to have the 
S-configuration [70]. Both types of chromatographic chamber can be used for unsaturated 
or saturated systems. Although the chambers used for FFPC separation can also be 
assigned to the above two categories, their special features warrant a separate discussion of 
FFPC-chambers. 
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6.4.4.1 N-chambers 


Although a wide variety of chromatographic chambers are available, rectangular glass 
N-chambers with internal dimensions of 23 X 23 X 8cm or 13 X 13 X 5cm are most 
frequently used in PC for development of two 20 X 20-cm or 10 xX 10-cm plates, 
respectively. Starting the separation with unsaturated tanks generally gives higher Rp 
values for NP systems because of the evaporation of the solvents from the surface of the 
layer. The disadvantages of using unsaturated tanks is that the reproducibility of the Rr 
values may be poor and that a concave solvent front can occur, leading to higher R; values 
for solutes near the edges [70]. If the layer is placed in the chamber immediately after 
introducing the solvent systems into the chromatographic tank, separation starts in an 
unsaturated system (Fig. 6.5a) which will become progressively more saturated in the 
course of the separation. A chamber is saturated when all components of the solvent are in 
equilibrium with the entire vapor (gas) space before and during the separation [2]. 
Therefore, the N-chamber is lined on all four sides with filter paper, thoroughly soaked 
with the solvent systems (Fig. 6.5b). The prepared tank should stand for 60-90 min to 
allow the internal atmosphere to become saturated with the vapor of the solvent system. 
Each plate must lean against a side wall, such a way that plates do not touch each other. 
The saturated tanks have the advantage, that a front (the first front of a multicomponent 
mobile phase) is much more regular, and also the separation efficiency is higher when a 
development distance of 18 cm is used. 

A versatile version of the N-tank is the twin-trough chamber [71], which has a raised 
glass ridge along the center that effectively separates the chromatographic tank into two 
separate compartments (Fig. 6.5c). To obtain a saturated vapor space, the solvent system is 
placed in one of the compartments, while the plate to be developed is put in the other one. 
When the layer has become equilibrated with the vapor phase, the tank is carefully tipped 
to transfer the solvent system from one compartment to the other and to start the separation 
[2]. The short-bed continuous development (SB-CD) chamber is a flat N-chamber [72,73], 
designed for short separation distances and high solvent velocities. Low-strength mobile 
phases will then resolve slow-moving solutes in a reasonable time. The bottom of the SB- 
CD chamber has five ridges, serving as stop positions for the plate which leans against the 
rim, protruding from the chamber (Fig. 6.5d). The solvents migrating up the chromatoplate 
evaporate from the protruding portion. Because the migration distance, which depends on 
the angle of the plate, is short and migration is slow, diffusion is decreased and extremely 
high resolution can be obtained. 


6.4.4.2 S-chambers 


S-chambers are very narrow, unsaturated tanks; the plate with the layer is usually 
sandwiched with a glass cover plate (Fig. 6.5e). Saturation can be established with a 
facing chromatographic plate that has been soaked with the mobile phase (Fig. 6.5f). 
Part of the stationary phase of the plate to be developed is removed by scraping, so 
that, initially, the mobile phase can only reach the level of the facing plate. After 
sorptive and capillary saturation of this plate, the depth of the mobile phase is 


Planar Chromatography 265 


Fig. 6.5. Chromatographic chambers. 1 = Chamber, 2 = chromatoplate, 3 = mobile phase, 
4= soaked filter paper, 5= glass cover plate, 6 = spacer, 7 = counter chromatoplate, 8 = 
additional mobile phase, 9 = elastic inert material. 


increased to start the separation. The Brenner and Niederwieser (BN) chamber [74,75] 
is a special case of the S-chamber for linear, continuous development, where the 
solvent system and the compounds advance on the plate practically continuously at a 
constant velocity. The top part of the chromatoplate does not face another plate but 
rests on a heated metal block. Once the a-front has reached the heated block, the 
solvent system starts to evaporate. The BN-chamber is suitable for the separation of 
compounds which otherwise would have very low R, values. The ultra-micro (UM) 
chamber is a special variety of S-chamber, in which the vapor space is reduced [76]. 
Between the chromatographic plate and the sandwiched glass cover plate an elastic 
inert material (e.g., Teflon) is placed, and the plates are pressed together (Fig. 6.5g). 

The most versatile S-chamber, which can also be used in the N-chamber 
configuration, is the Vario-KS chamber, devised by Geiss and Schlitt [2,77]. It is 
suitable for evaluation of the effects of different solvents, solvent vapors, and relative 
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humidities. The chromatoplate is placed face down over a glass conditioning tray, 
containing 5, 10, or 25 compartments to hold the required conditioning solvents. The 
design of the device ensures that saturating and developing solvents are kept separate. 
A major advantage of this chamber is that up to ten activity and/or saturating conditions 
can be compared on the same chromatoplate with the same solvent for solvent 
optimization purposes. Another advantage of the Vario-KS chamber is that the same 
chromatoplate can be simultaneously developed with five different solvents. Addition- 
ally, the chamber can also be used with a heating accessory for continuous development. 
The vapor-phase saturation can be characterized on the basis of the saturation grade (Sg) 
[78]. The Sg value of a given chromatographic chamber can be calculated by dividing 
the sum of the AR; values of the three furthest-migrating substances (preferably test dye 
mixtures) by the sum of the AR; values of all the components, subtracting the result from 
1, and multiplying the answer by 100. The saturation grade can be used as a measure of 
the reproducibility of separations with given stationary and mobile phases and at 
different temperatures and humidity; this enables transfer of the mobile-phase data to 
other vapor-phase conditions. 


6.4.4.3 Chambers for forced flow 


The chambers used for OPLC separations are unsaturated S-chambers, theoretically 
and practically devoid of any vapor space. This must be considered in the 
optimization of the solvent system, especially in connection with the disturbing 
zone and multifront effect, which are specific features of the absence of a vapor phase 
[79,80]. The main difference between the chamber types used in RPC lies in the size of 
the vapor space, which is an essential criterion in rotation planar chromatography [35]. 
Therefore, we use an additional symbol to indicate the vapor space [normal-chamber, 
micro-chamber, ultramicro-chamber, and column RPC (N-RPC, M-RPC, U-RPC, and 
C-RPC, respectively)]. 

In N-chamber RPC the layer rotates in a stationary N-chamber, where the vapor space 
is extremely large. Due to extensive evaporation, this chamber is practically unsaturated. 
The M- and U-chambers in RPC belong to the S-chamber type, the difference between 
these two chambers being that the former is saturated, while the latter is unsaturated. Since 
in M-chamber RPC the chromatoplate rotates together with the small chromatographic 
chamber, where the distance between the layer and the lid of the chamber is smaller than 
2 mm, the vapor space is rapidly saturated. In the case of the ultramicrochamber the lid of 
the rotating chamber is placed directly on the chromatoplate [41] so that practically no 
vapor space exists. 


6.4.5 Flow velocity 


In capillary-flow-controlled PC the solvent velocity is the parameter which, in 
principle, cannot be influenced by the chromatographer. In TLC this depends entirely on 
the characteristics of the stationary phase and the solvent chosen. The solvent velocity 
constant can be determined from the time required for the solvent to travel between fixed 
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points, marked on the TLC plate, as the slope of a plot of ZF against time, i.e. based on the 
linear equation [2,39] 


Zp =kxt (6.1) 


where: Z; is the distance migrated by the solvent front from the solvent entry (cm), k is the 
solvent system velocity constant (cm/sec), and tf is the time (sec). When FFPC is used in 
the linear development mode, with a constant-flow pump, a linear relationship exists 
between the migration distance, the mobile phase velocity, and the time required [40]. 


Zp =uXt (6.2) 


where: Zy is the distance migrated by the solvent front from the solvent entry (cm), u is the 
mobile-phase velocity constant (cm/sec), and ¢ is the time (sec). 

One possibility of exerting an influence on the flow velocity is to avoid solvents of 
higher viscosity in solvent optimization. Also, saturated chromatographic systems have 
the advantage that development is much faster than in unsaturated chambers. This means 
that the solvent velocity increases in going from the unsaturated N-chamber via the 
unsaturated S(U)-chamber to the saturated S-chamber. The local mobile-phase velocity 
can be influenced by the selection of the development mode (Sec. 6.4.6). In continuous 
development (SB-CD chambers), migration of the solvent system starts off relatively fast, 
but always falls off along the separation distance. Once the a-front can be evaporated, the 
migration rate of the solvent system becomes constant. The highest mobile-phase velocity 
can be achieved by using FFPC techniques. In OPLC, the upper limit of velocity depends 
on the applied external pressure, besides the viscosity [81]. In RPC, the higher the 
rotational speed, the faster is the migration of the mobile phase. The flow-rate is limited by 
the amount of solvent that may be kept in the layer without skimming over the surface. 
The amount of migrating solvent can also be increased by scratching a round hole into 
the center of the layer, varying its perimeter according to the optimal mobile-phase 
velocity [41,82]. 


6.4.6 Development mode 


PC differs from CLC not only in having a vapor space, but also in permitting a selection 
of the optimal development mode. 


6.4.6.1 Linear development mode 


The ascending mode is most frequently used for capillary-flow-controlled 
PC. Because ascending development has no theoretical advantage over horizontal 
development, the latter, being more adaptable, has become increasingly common in the 
recent years. Continuous development can be achieved by allowing the end of the plate 
to remain uncovered during development (BN-chamber) or to protrude from a slot 
in the cover of the chamber in the ascending mode (SB-CD-chamber). In either case, 
the solvent system flows continuously and evaporates from the uncovered area. 
In OPLC, the most frequent development modes are the linear one- and two-directional 
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(Fig. 6.6a and b) modes [1]. However, the linear-type OPLC technique requires a special 
chromatoplate, sealed along the edge by impregnation to prevent the solvent from 
flowing off the layer. In RPC with a M- or an U-chamber the mobile-phase movement 
can be also linearized (linear development mode) by scraping the layer to form lanes 
(Fig. 6.6c) [30]. 


(i) (j) (k) 


Fig. 6.6. Development modes. (a) One-directional linear in OPLC, (b) two-directional linear in 
OPLC, (c) linear in RPC, (d) circular in TLC, OPLC, and RPC (e) circular in OPLC, (f) anticircular 
in TLC, (g) anticircular in OPLC, (h) anticircular in RPC, (i) two-dimensional TLC, (j) two- 
dimensional OPLC, (k) two-dimensional TLC on a bilayer plate, (1) two-dimensional TLC of 4 
samples. 


6.4.6.2 Circular development mode 


The advantage of circular development (Fig. 6.6d), where the solvent system migrates 
radially from the center of the plate to the periphery, is well known for the separation of 
compounds in the lower R; range [2,70]. Using the same solvent system, the resolution, 
particularly in the lower R,- range, is about 4—5 times greater in circular than in linear 
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development mode. The separating power of the circular development mode can be better 
exploited, if the samples are spotted near the center [35]. As the distance between the 
mobile-phase inlet and sample application increases, the resolution begins to approach that 
of linear development. For off-line circular OPLC and RPC, no preparation of the plate is 
necessary (Fig. 6.6d); for on-line circular OPLC, a sector must be isolated by scratching 
off the surrounding sorbent and impregnating the sector (Fig. 6.6e). 


6.4.6.3 Anticircular development mode 


Anticircular development can be used in analytical TLC, if the resolution must be 
increased in the higher R; range [2,70]. In this development mode, the solvent system 
enters the layer at a circular line and flows towards the center (Fig. 6.6f). Since the solvent 
flow velocity decreases with the square of the distance, but the area wetted also decreases 
with the square of the distance traveled, the speed of solvent system migration is 
practically constant [83]. Therefore this developing mode is the fastest with respect to 
separation distance. However, the flow-rate cannot be controlled. Anticircular on-line 
OPLC development is carried out similar to the circular mode, except the mobile phase 
enters the plate from the opposite side (Fig. 6.6g). For anticircular ultramicro-chamber 
RPC separations the plate must be prepared as shown in Fig. 6.6h. 


6.4.6.4 Multiple development modes 


Multiple development ("D) includes all development procedures, where development is 
repeated after a development is completed and the mobile phase has been carefully 
evaporated [1,84]. From the point of view of development distance and solvent system 
composition the "D techniques can be classified into five basic categories [86]. 

1) Unidimensional MD (U"D) means the repeated development of the chromatoplate 

on the same development distance (D) in the same (S7;, Sy;) solvent system 
(Fig. 6.7). The removal of the solvent system between development steps is 
performed by careful drying of the chromatoplate. The dried layer is returned to the 
development chamber for repeated development under the same chromatographic 
conditions as for earlier development steps. U"D can be used to increase the 
resolution. The location of the compounds to be separated, and hence the R- value, 
is influenced by the number of developments. After the first development ('R;) 
the R; values of a multiple developed solute can be predicted by the following 
equation [72]: 


"(Rpy=1-—(—' Rey (6.3) 


where 7 is the number of developments. In this way, the R; values and thus also the 
DR, values can be calculated for all compounds of interest. Needless to say, 
unidimensional "D can also be carried out with FFPC techniques. In this case, the 
spot capacity increases linearly as a function of the square root of the development 
distance, instead of going through a maximum, as it does for capillary-controlled 
flow conditions. 
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Number of development 


Method 


Fig. 6.7. Multiple development techniques. 


2) Incremental MD (I"D) means that the re-chromatography is performed in increasing 
development distances (D; — D,,) with the same (S7;, Sy;) mobile phase (Fig. 6.7). 
Using the "D technique, the first development length is the shortest, the subsequent 
development steps are accomplished in a (usually by an equal distance) longer 
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development distance, and the last front migration distance is the longest, 
corresponding to the useful development length of the chromatoplate and to the 
feature of the solvent system [85,86]. 

3) Gradient MD (G"D), called the multiple development technique [85,86], where the 
successive chromatographic development steps are performed with a change in 
solvent strength and selectivity (Sqt1,Sv1; — Stp,Svn) on the same chromatographic 
length (D = const.) (Fig. 6.7). 

4) Bivariate MD (BD) is the most complex multiple development technique [85,86], 
where the development distance and the solvent system composition are varied 
simultaneously (D;, S11, Svi;— Dn, Sta, Svn) during the successive chromato- 
graphic runs (Fig. 6.7). 

Based on the idea of Perry et al. [87—88], Burger [89-91] derived the automated multiple 
development (A"D or AMD) mode, which is a special case of B"D. In AMD the 
chromatoplate is developed repeatedly in the same direction over an increasing migration 
distance (D; — D,). The developing solvent system for each successive run differs from 
the one used before, so that a stepwise negative gradient can be obtained. In contrast to 
column LC, in PC the gradient used starts with the most polar solvent or solvent system, 
for which the shortest developing distance is employed, and it is changed towards 
decreasing polarity. The longest migration distance is used with the most nonpolar solvent 
or solvent system. Another unique feature of the multiple development technique, which is 
also used in AMD, is the zone re-concentration mechanism [92,93], which ensures that if a 
sufficiently large number of developments are used, the zone will be compressed to a thin 
band. The five basic variants can also be varied. The most powerful "D technique is the use 
of AMD in two directions [96]. 


6.4.6.5 Multidimensional development mode 


The two-directional "D (2"D) technique is used for the separation of complex mixtures 
[94,95]. The sample is spotted at the corner of the layer and developed linearly (Fig. 6.6i). 
After evaporation of the first solvent system, the second development is carried out at right 
angle to the first one. For this, different types of solvent systems are used in the two 
directions. If the same solvent system is used for both directions, the sample components 
will be distributed along a line diagonally from the origin to the farthest corner. In this 
case, the resolution will only be increased by a factor of /2, corresponding to the increased 
migration distance for the sample, but this method is useful for finding out whether the 
analyte has undergone some chemical change. Compounds that are unchanged by the 
separation process will lie on the diagonal of the plate. 

According to Giddings [97], the correct definition of multidimensional (MD) 
chromatography includes two conditions. “First, it is one in which the components of a 
mixture are subjected to two or more separation steps in which their displacements depend 
on different factors. The second criterion is that when two components are substantially 
separated in any single step, they always remain separated until the completion of the 
separative operation.” This latter condition, therefore, precludes simple tandem 
arrangements in which compounds separated in the first separation system can re-merge 
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in the second [98]. The following modes have most frequently been used for MD 
separations involving PC [96]: 

(a) 2-D development on the same monolayer stationary phase with solvent systems 
characterized by different total solvent strength (Sr) and selectivity values (Sv); 

(b) 2-D development on the same bilayer stationary phase either with the same solvent 
system or with solvent systems of different composition; 

(c) multiple development ("D) in one or two directions on the same monolayer 
stationary phase with solvent systems characterized by different solvent strength 
and selectivity values; 

(d) coupled layers with stationary phases of decreasing polarity developed with solvent 
systems of constant composition; 

(e) a combination of at least two of the above-mentioned modes; 

(f) automated coupling of two chromatographic techniques, in which PC is used as the 
second dimension and another separation method, e.g. gas chromatography (GC), 
high-performance liquid chromatography (HPLC), etc., as the first. 

MD-PC is discussed in detail in Ref. 99, and attention is drawn to the different 
possibilities, as well as advantages and limitations of the various modes of the technique. 


6.4.7 Separation distance and time 


In PC, the separation distance improves with the square root of the migration distance. 
However, the optimum depends on the quality of the plate, the vapor space, the 
development mode, and the properties of the compounds to be separated [2]. In capillary 
flow-controlled PC, the maximal length of commercially available precoated plates is 
20cm. Commercially available U-chambers can accommodate 10 X 10-cm chromato- 
plates for analyses by the circular and anticircular development modes in capillary flow- 
controlled PC. Therefore, the maximal separation distance is 5 cm and 4 cm, respectively. 
In linear OPLC, the maximum separation distance is 18cm for the 20 x 20-cm 
chromatoplates. Working with off-line circular OPLC, the maximal separation distance 
is 10 cm; in this case, only one sample can be analyzed. If the distance between the mobile 
phase inlet and the sample application is 2 cm, then a separation distance of 8 cm can be 
achieved, which allows more samples to be applied. To carry out conventional anticircular 
separation is difficult, due to the large perimeter (ca. 60 cm for a 20 X 20-cm plate) of the 
mobile-phase inlet. After a suitable preparation of the plate (Fig. 6.6g) by scraping a 
segment out of the layer and sealing the segment with a polymer suspension, circular as 
well as anticircular fully off-line and on-line separations can be carried out over a 
separation distance of 18 cm. 

In analytical RPC, the separation distance and number of samples depend on the 
development mode. In the radial mode, which is the most commonly used, up to 36 
samples may be applied as points on a circle of 2-cm radius; in this case, the separation 
distance is 8 cm. In the separation of enantiomers, baseline separation of 72 samples on a 
single chromatoplate with a 5-cm separation distance was reported [100]. Since special 
preparation of the plate is necessary (by scribing lines into the layer), for linear and 
anticircular RPC, the sample number is correspondingly reduced [29]. Using capillary 
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controlled PC, the development time depends on the solvent system, particle size of the 
stationary phase, and development modes. Generally, it can be stated that for the 
separation of nonpolar compounds, by FFPC techniques and with silica as the stationary 
phase, an extremely short separation time (1—2.5 min, over a separation distance of 
18 cm) can be used without great loss in resolution. In contrast, longer separation times are 
extremely important when silica is used for the separation of polar compounds [101]. 


6.4.8 Temperature 


Temperature is not an effective parameter for modifying selectivity and maximizing 
resolution under normal circumstances [2]. Generally, it can be stated that in saturated 
chromatographic chambers, which are the most commonly used, the temperature does not 
exert a great influence on separations. A change of + 5 °C results in a change of the AR; of 
less than 0.03 [2]. Nevertheless, in the interest of reproducibility in repetitive separations it 
is important to note the working temperature. Normally, if two compounds are unresolved 
at a given temperature, they will remain unseparated at other temperatures, regardless of 
whether N- or S-chambers are used for the separations. Remarkably, temperature turns out 
to play an important role in the selectivity and efficiency of OPLC separations [102]. 
Experiments show that development by temperature-programmed OPLC with a suitable 
control unit can effect further improvement in PC separations. 


6.5 INSTRUMENTATION 


6.5.1 Overpressured-layer chromatography 


OPLC separations can be performed on a commercially available instrument, the 
P-OPLC 50 (OPLC-NIT). The equipment offers 18-cm separation distances in linear, 
circular, and anticircular on-line mode and, in addition, off-line circular development, on a 
maximal 10-cm development distance. The P-OPLC 50 accommodates a high cushion 
pressure (50 bar), which allows the use of more viscous mobile phases and/or higher 
mobile-phase velocities. The OPLC chamber (Fig. 6.8a) consists of four main units [40]: 
holding unit, hydraulic unit, tray-like layer casette, and attached drain valve. The prepared 
layer (Fig. 6.8b) is placed in the tray-like layer casette, in which the chromatoplate is 
covered with a Teflon sheet. To ensure that mobile-phase migration forms a linear front, a 
channel is scratched into the Teflon sheet. A second channel of the Teflon sheet cut at a 
distance of 18cm (for a 20 X 20-cm plate) from the inlet channel permits on-line 
separations. The separation chamber with two mobile-phase connections is built to 
withstand the 5 MPa maximum external pressure. The microprocessor-controlled liquid- 
delivery system includes a two-in-one hydraulic pump and a mobile-phase delivery pump. 
All conditions for single or repeated development can be programmed and stored in the 
delivery system software [40]. External pressure (max 5 MPa), mobile-phase volume, and 
mobile-phase flow rate can be selected, and development time is calculated automatically 
[103]. After one separation is finished, in the tray-like layer casette the next chromatoplate 
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Fig. 6.8. Schematic drawing of casette-type OPLC instrument (A) and the prepared chromatoplate (B) 
1 = support of the instrument, 2 = chromatoplate, 3 = inner part of the instrument, 4 = spring, 
5 = casette system for the chromatoplate between two Teflon sheets, 6 = teflon sheet, 7 = mobile 
phase inlet, 8 = mobile phase outlet, 9 = hydraulic system, 10 = polymer suspension for the 
protection of the chromatoplate. 
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is put in place, and the equipment is ready for the next separation. Linear separations 
require specially prepared plates, with edges that are chamfered off and impregnated with 
a suitable polymer suspension, in order to prevent solvent leakage at overpressure. 


6.5.2 Rotation planar chromatography 


Presently two instruments are commercially available for RPC; the Chromatotron 
Model 7924 (Harrison) and the Extrachrom rotation planar separator (RIMP). The 
Chromatotron consists of an annular N-chamber, inclined at an angle and fixed on a 
pedestal [104,105]. A flat glass rotor, covered with stationary phase, is mounted on an axle 
with the aid of a retaining screw. The motor-driven glass disk of 24-cm diameter rotates at 
a constant speed of 750 rpm. The mobile phase inlet eccentrically pierces a quartz lid, 
which covers the chromatographic chamber. The chamber is provided with a circular 
channel for the collection of eluate. The solvent outlet is placed at the lowermost point of 
the collection channel. An inlet tube is mounted on the side of the chamber for flushing 
with nitrogen or other inert gases. The preparation of the preparative layers is detailed 
in Ref. 104. 

A schematic drawing of the Extrachrom in the preparative normal-chamber RPC mode 
is shown in Fig. 6.9a. The upper part of the instrument is a standing chromatographic 
chamber, which is covered with an inspection window. The two solvent delivery devices 
are horizontally and vertically adjustable; vertical adjustment is necessary because the 
layers have different heights, the horizontal adjustment is especially necessary for 
sequential RPC. The delivery needles lead from the solvent delivery systems to the center 
of the chromatographic chamber. For preparative RPC separations the prepared stationary 
phase on the rotor is fixed at the center of the collector. M-RPC is performed in a special 
chamber where the vapor space is reduced and defined [1]; therefore, M-RPC resembles 


Planar Chromatography 275 


os ctnararanatenane mobile phase 


stationary phase 


solvent delivery device 


(c) 


3 inspection window 
b] standing 
3 chromatographic 


collector 


Fig. 6.9. Schematic diagram of on-line preparative RPC separations. Flow scheme of the method: 
(a) schematic diagrams of the chamber for M-RPC (b) and C-RPC (c). 1 = Lower part of the 
stationary chamber, 2 = upper part of the stationary chamber, 3 = inspection window, 4 = collector, 
5 = motor shaft with the rotating disk, 6 = rotor, 7 = stationary phase, 8 = mobile phase inlet, 
9 = eluent outlet, 10 = quartz glass cover plate, 11 = stainless-steel cover plate. 


a saturated system (Fig. 6.9b). Since the vapor space is reduced, this method may be used 
for off-line analytical, off-line micropreparative, and on-line preparative purposes. In 
normal-chamber RPC and sequential RPC the layer rotates together with the collector in 
the instrument; no quartz glass cover plate is used [35]. For preparative separations the 
rotor with a 4-mm preparative layer is placed in the collector, thus eliminating the vapor 
space. This chamber can be adapted for analytical and preparative micro- and ultramicro 
RPC separations [34]. The collector is used for collection of the effluents in the various 
preparative modes. 

Column rotation planar chromatography (C-RPC) is an on-line preparative technique, 
in which the stationary phase is placed in a closed circular chamber (Fig. 6.9c). The 
volume of stationary phase stays constant along the separation distance, hence the name 
“column” RPC [13]. Since it is a closed system, there is no vapor space, and any stationary 
phase may be used in fine particle size (3—5 mm) with or without binder. The rotating 
planar column has a special geometric design, which may be described by the following 
function: 


h=K/(a+br+cr’) (6.4) 


where hi is the actual height of the planar column at radius r, r is the radius of the planar 
column, and a, b, c, and K are constants. The surface of the rotor has the special 
geometrical design described above and forms the lower part of the planar column. 
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Thus, the column consists of the rotor with the special design and stainless-steel cover 
plate. To enable the filling of the column and for solvent delivery this cover plate has a 
central hole of large diameter. Due to the column properties, the design creates a linear 
mobile-phase velocity and eliminates the extreme band-broadening, combining the 
advantages of both planar and column chromatography. The front panel of the instrument 
casing carries the adjusting and controlling units. The microprocessor-controlled rotation 
speed may be varied between 20 and 2000 rpm, in steps of 10 and 100 rpm. 


6.5.3 Electro planar chromatography 


Electro planar chromatography (EPC) can be performed on wetted or nonwetted layers 
in vertical or horizontal chambers. Starting with a wetted layer, the flow-rate is different at 
the beginning of the development of the chromatogram. Until it reaches the wetted part of 
the chromatoplate, the solvent system migrates under the influence of capillary forces and 
the electro-osmotic flow generated by the electric field; subsequent migration is a result of 
electro-osmotic flow only [42]. Starting the separation with a nonwetted layer, the 
chromatograms can be developed from both sides (the cathode and anode sides) 
simultaneously. The flow-rate is the sum of migration resulting from capillary activity and 
that induced by the electric field [42]. The flow-rate depends on the applied voltage, the 
type of stationary phase, the solvent system, and the degree of saturation of the chamber. 
A schematic diagram of EPC is shown in Fig. 6.10. Details concerning the principle and 
applicability of EPC are given in Ref. 42. 


electrode chromatoplate glass cover plate electrode 
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Fig. 6.10. Schematic drawing of horizontal chamber for PEC. 


6.5.4 Automated multiple development 


A schematic flow diagram of the AMD system (Camag) is shown in Fig. 6.11. Its 
central component is a closed N-chamber with connections for feeding and withdrawing 
developing solvents, and for pumping gas in and out. The solvent system is made up from 
up to six reservoir bottles, containing the neat solvents, which are passed via a motorized 
valve to the gradient mixer. The gas phase is made up externally by passing nitrogen 
through the wash bottle into the reservoir, from where it is pumped into the 
chromatographic chamber at the appropriate time. After the plate has been placed in 
the chromatographic chamber and the solvent system is fed into the gradient mixer, the 
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Fig. 6.11. Schematic drawing of AMD instrument. 1 = Chromatographic chamber, 2 = reservoir 
bottles, 3 = motor valve, 4 = gradient mixer, 5 = wash bottle, 6 = mobile phase reservoir, 
7 = vacuum pump, 8 = waste collecting bottle. 


separation is started. When the pre-programmed time determining the running distance has 
elapsed, the solvent system is withdrawn from the chamber, first to the waste-collection 
bottle, and then, after the solvent system has been completely removed, vacuum is applied 
by a pump, to dry the chromatoplates [91]. The duration of the drying cycle can be 
programmed. Before the next developing cycle is started, the chromatoplate is 
reconditioned by feeding a gas from the reservoir into the chamber. During the drying 
phase, the solvent system is prepared for the next chromatographic step. More 
details about the highly developed microprocessor-controlled AMD system are given in 
Refs. 22, 90, and 106. 


6.6 QUALITATIVE AND QUANTITATIVE ANALYSIS 


6.6.1 Identification of separated compounds 


Apart from chromatographic mobility data, the list of analytical methods that can be 
brought to bear upon the analysis of a chromatoplate includes visual inspection, 
UV/visible spectrophotometry, fluorescence spectrophotometry, optical and electron 
microscopy techniques, Auger, reflectance IR spectroscopy, radio-imaging methods, near- 
IR analyses, and mass spectrometry in various forms, including secondary-ion mass 
spectrometry, fast-atom bombardment, and laser-desorption ionization [1,107]. It should 
be remembered that the chromatographic retention data are not enough for correct 
identification; at least one spectroscopic method is necessary for a definitive statement. 


6.6.1.1 Chromatographic data 


In PC, compounds are identified primarily on the basis of their mobility in a suitable 
solvent system. The mobility of separated zones is described by the R; value of each 
compound, where 


distance of spot migration, Z, 


= 6.5 
Ff distance start to front, Zp — Zo ee 
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The Ry value bears no linear relationship with any basic PC parameter or structural 
element of the analyte. Such a linearity can be achieved with the Ry value, which is a 
logarithmic function of the R; value: 


1 
F 


For continuous and multiple development, where the solvent front is not measurable, the 
R, value can be used, which is defined by Eqn 6.7 [12] 


R= distance traveled by Solute a (6.7) 
“a distance traveled by Standard x , 


Instead of R,values, it is more convenient to use the AR; (= 100XR,) values. 
The problems surrounding the determination of correct Rr values for linear, radial, 
and antiradial development, and calculation of other retention data are discussed in 
detail in Ref. 2. Identification by comparison with Rp, hRr, Ry, or R, values in the 
literature is fraught with uncertainty, because they depend on many factors, such as 
quality of stationary phase, saturation grade of the vapor phase, humidity, layer 
thickness, development distance, and temperature [108]. Comparison of the retention 
data with those of reference substances gives better results, but still does not provide 
unequivocal proof of identity. If the retention data of the compound to be identified 
are identical with those of the reference substance in three different solvent 
systems but the same stationary phase or with the same solvent system but 
three different types of stationary phases, the two compounds can be regarded as 
identical. 

A new identification method said to be applicable to the identification of known 
compounds by TLC has been published [109]. The method is based on the retention 
data measured. If the AR; values of the compound to be identified have practically the 
same value (+3) as the reference substance in three mobile phases with different total 
solvent strength and total selectivity value, these values can be depicted as a triangle in 
a coordinate system. The area of the triangle, the Ip(c,,) value, characterizes the 
goodness of the chromatographic identification. This dimensionless value can be 
calculated according to the rule of coordinate geometry. For any chromatographic 
identification, sample and the reference substances must always be applied on the same 
chromatoplate. The AR; values must be calculated from the densitograms. Two 
compounds can be considered identical, if the variance of the DhR; values of the 
compound to be identified and the standard substance is less than 3. The higher the value 
of Ipccny), the greater is the probability that two compounds are identical. If the [picj,) 
value is less than 0.1, the identification is inadequate. For routine laboratory work, the 
Techy) Value should be between 0.1 and 0.5. If the value of Ipic,,) is higher than 0.5, 
the substances are chromatographically identical with a high degree of probability. In 
the identification of new natural compounds, the value of [p;c;,) must be higher than 0.5 
[109]. The probability can be increased by in situ UV and/or VIS spectra, by a color 
reaction, or with off-line VIS spectra. 
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6.6.1.2 Pre- and post-chromatographic derivatization 


For the visualization of compounds, one can use physical, chemical, or biological 
detection methods. Physical detection methods are based on substance-specific properties. 
The most commonly employed methods are the absorption or emission of electromagnetic 
radiation, which are measured by detectors (Sec. 6.6.1.3). The B-radiation of radioactively 
labeled compounds can also be detected directly on the plate. These nondestructive 
detection methods allow subsequent isolation and can also be followed by microchemical 
and/or biological detection methods [110]. Since physical detection methods are 
frequently not sufficient to establish identity, they must be complemented by specific 
chemical reactions (derivatization). These reactions may be carried out either before or 
after chromatography. Pre-chromatographic derivatization can be performed either during 
sample preparation or on the chromatoplate at the origin. It is generally used to introduce a 
chromophore, leading to the formation of strongly absorbing or fluorescent derivatives, to 
increase the selectivity of the separation, enhance the sensitivity of detection, and improve 
the linearity. It includes oxidation, reduction, hydrolysis, halogenation, nitration, 
diazotization, esterification, etherification, hydrazone formation, and dansylation [110]. 

The primary aim of post-chromatographic derivatization is the detection of the 
chromatographically separated compounds for better visual evaluation of the chromato- 
gram. This step generally also improves the selectivity and the detection sensitivity. Post- 
chromatographic reactions can be carried out by spraying reagents onto the chromatoplate, 
by dipping the layer in reagent solutions, or exposing the plate to vapors. The reagent can 
also be in the solvent system or in the adsorbent. In most instances, subsequent heating is 
necessary. Post-chromatographic derivatizations have been extensively reviewed [111, 
112]. For biological/physiological detection, the separated compounds can be transferred 
to the biological system. Alternatively, bio-autographic analysis, reprint methods, and 
enzymatic test may also be applied. Pre- and post-chromatographic derivatization methods 
have been summarized recently by Cimpan [113]. 


6.6.1.3 Optical spectroscopy 


Regardless of whether they are colored or colorless compounds, absorbing in the 
UV range, they can be detected by direct scanning at the wavelength of maximum 
absorption [1]. Some types of compound are naturally fluorescent, while others can be 
converted to fluorescent derivatives through pre- and/or post-chromatographic reactions; 
this is a highly specific and sensitive method. Fluorescence quenching is limited to 
compounds that readily adsorb in the wavelength range of maximum excitation of a 
phosphor incorporated in the stationary phase [9]. Instruments for scanning densitometry 
after the above treatments can be operated in the reflectance, transmission, or combined 
(reflectance/transmission) mode. Usually, the sample beam is fixed and the plate is 
scanned, mounted on a movable stage, which is controlled by a stepper motor. The geo- 
metry of the light beam of scanners can have the form of a slit or a spot. The most common 
method is slit scanning, in which the sample beam illuminates a rectangular area on the 
chromatoplate surface, while the plate is transported in the direction of development. 
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With the other type, a small light spot moves in two dimensions. In this case, three 
different kinds of movement are possible: meandering, zig-zag, and flying-spot scanning, 
the last-mentioned with a sinusoidal type of movement. 

Different principal optical geometries are used in scanning densitometry: the single- 
beam methods, which can be used in the reflectance, transmittance, or simultaneous mode, 
and the double-beam methods [1]. In the latter case the two beams can be either separated 
in time at the same point on the chromatoplate or separated in space and recorded 
simultaneously by two detectors. Absorption spectra are rarely sufficient for identification, 
except when directly compared with the spectrum of a standard substance, measured on 
the same chromatoplate. If possible, preference should be given to the fluorescence mode, 
which has a much higher spectroscopic selectivity because two different wavelengths, an 
excitation and an emission wavelength, are used for each measurement. Recently, diode- 
array scanners [114,115] as well as image analysis [116—119] have been introduced for 
evaluating planar chromatograms. The uses of densitometry in PC have been summarized 
by Dammertz and Reich [120]. 


6.6.1.4 Infrared and Raman spectroscopy 


Depending on the nature of the compound, the IR absorption of a TLC spot can be 
measured either after transfer to an IR-transparent substrate or in situ. The off-line method 
involves elution of ca. 5 wg substance, evaporation of the solvent, and pressing into a 
micropellet suitable for recording spectra. IR spectra can also be recorded in situ by 
DRIFT-IR spectroscopy. To obtain suitable IR spectra, all solvents must be carefully 
removed prior to measurement, and a background correction must be applied for 
absorption by the chromatoplate. Kovar et al. [121,122] reported a new method for on-line 
coupling of TLC and FTIR spectroscopy; a commercially available special HPTLC- 
DRIFT unit was constructed for this purpose. Achievements in this field have been 
summarized by Rager and Kovar [123]. 

Analysis of TLC spots by photoacoustic spectrometry (PAS) has been preferred over 
DRIFT analysis of strongly IR-absorbing samples [124]. The spot must be physically 
removed from the chromatoplate and, after some preparation, it is placed in the 
photoacoustic cell for measurement. Recently, investigation of the in-depth distribution 
of the analytes in the sorbent layer was studied by means of PAS [125]. Vovk and 
Mocénik wrote a comprehensive review of photoacoustic and photothermal methods used 
in PC [125]. Reasonable spectra can also be obtained by surface-enhanced Raman 
spectroscopy (SERS) [126,127]. Recently, a new method was reported for preparing 
SERS-active surfaces, in which colloidal silver spheres are deposited on HPTLC plates. 
The sensitivity of theses activated HPTLC plates is so high that in situ vibrational 
investigations of spots are possible at the picogram level [128]. Comparison of the 
relative intensities of HPTLC-SERS spectra and normal Raman spectra was reported by 
Koglin [129]. The results demonstrate that variations in electric charge density and 
hydrophilic character of the silver sol-activated nano-TLC plate may strongly influence 
the HPTLC-SERS detection limit. 
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6.6.1.5 Mass spectrometry 


Different methods [130-139] have been described for obtaining mass spectra of TLC 
spots. The zone of the compound to be identified can be scraped from the layer, and after 
elution and solvent evaporation, the residue is inserted into the mass spectrometer. 
Alternatively, the sample, together with the stationary phase, can be inserted directly. In 
fast atom bombardment (FAB) and secondary-ion mass spectrometry (SIMS), a high- 
energy ion or atom beam is used to sputter molecules from the condensed phase into the 
gas phase for mass spectrometric analysis. However, most mass spectrometric 
measurements are destructive in nature. FAB-MS and SIMS are surface-sensitive 
methods in which the material actually consumed in the analysis is sputtered only from the 
top layers of the sample spot. By using a special ion-source housing and an appropriate 
direct TLC-MS probe [131], one-dimensional mass spectra and mass chromatograms can 
be recorded from one track of the developed chromatographic plate. 

Busch et al. [132,133] have described an interface for the combination of PC and MS. 
Using this device, 2-dimensional mass-imaging was carried out. The FAB/SIMS liquid 
matrices that are usually used limit the time for imaging, because of spot diffusion. To 
overcome this limitation, a solid matrix was used [134], thus preserving the spatial 
resolution of the chromatogram for a longer time and enabling the time-consuming 
2D-MS mapping. Also, a charge-coupled device for optical detection of sample bands was 
applied [134]. A matrix-assisted laser-desorption time-of-flight mass-spectrometric 
(MALDI-TOF-MS) system was also described [135]. Wilson et al. [136-139] described 
the application of tandem MS (TLC/MS/MS). They demonstrated that FAB-MS alone 
gave spectra which were dominated by ions from the matrix. When MS/MS was applied to 
the same samples, the resulting spectra were devoid of matrix interferences and contained 
only ions from the compounds of interest. Recently, Busch [140] outlined the state of the 
art of TLC/MS coupling. 


6.6.1.6 Nuclear magnetic resonance spectroscopy 


Wilson et al. [141] reported the solid-state NMR spectroscopy (high-resolution magic- 
angle spinning) for identification in PC. The substances were separated on a Cj stationary 
phase, and the spots were located by UV illumination. Usable spectra could be obtained 
when the appropriate zone was scraped off the TLC plate, slurried with DO, and placed in 
the NMR tube without eluting the substance from the stationary phase. 


6.6.1.7 Digital autoradiography 


Digital autoradiography (DAR) offers higher sensitivity than contact autoradiography, 
saves time in the detection of radiolabeled compounds, and/or reduces the quantity of 
the analyte. Implementation of OPLC separation has significantly improved the 
performance of the method. Klebovich [142] has recently reviewed the applications of 
DAR in planar PC. 
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6.6.2 Quantitative determination 


Methods for the quantitative evaluation of TLC/HPTLC may be divided into two 
categories. In the first, solutes are eluted from the stationary phase before being examined 
further; in the second, solutes are assayed directly on the layer. 


6.6.2.1 Measurements after elution 


Quantitation may be performed after scraping off the separated zones and recovery of 
the substances by elution from the stationary phase. Thereafter, the methods used for 
quantitative analysis are essentially the current methods of microanalysis (e.g., GC, 
HPLC, liquid scintillation counting). A special accomplishment is on-line OPLC, where 
only one sample can be analyzed at a time, but all compounds are eluted from 
the chromatoplate and can be measured with the help of a flow-through detector, as 
in HPLC [143]. 


6.6.2.2 In situ measurements 


Modern optical densitometric scanners (Sec. 6.6.1.3) are linked to computers and are 
equipped for automated peak location, multiple-wavelength scanning, and spectral 
comparison of fractions, and are capable of measurement in any operating mode 
(reflectance, absorption, transmission, fluorescence) [120]. In electronic scanning 
densitometry, the stationary chromatoplate is scanned electronically. This type of 
densitometer for image analysis requires a computer with video digitizer, light source and 
appropriate optics, such as lenses, filters, and monochromators, and a vidicon tube or 
charge-coupled video camera. Electronic scanning always operates in the point-scanning 
mode, as opposed to devices with electro-mechanical scanning, which mostly use the slit- 
scanning mode. For 2D separations, modern pattern recognition techniques can be 
employed. A powerful microcomputer of the IBM-AT class is usually employed. For the 
quantification of separated radioactive substances, autoradiography, liquid scintillation 
counting, and direct scanning with radiation detectors can be used. Photothermal 
deflection densitometers measure the refractive index gradient formed in the gas phase 
over a solid sample, heated by a laser [144]. In the absorption mode, the detection limit can 
be similar to that of optical scanning densitometers. The applications of flame-ionization 
detectors are summarized in Sec. 6.8.1. Many books, book chapters and review articles 
[11,12,16,145,146] on quantitative PC are available. 


6.7 PREPARATIVE PLANAR CHROMATOGRAPHY 


The aim of preparative PC is the isolation of compounds in amounts of 10—1000 mg for 
structure elucidation (MS, ‘H-NMR, 7 C-NMR, IR, UV, etc.), for various analytical 
purposes (further chromatography), or for the determination of biological activity. The 
preparative chromatographic processes operative in capillary flow-controlled PC, OPLC, 
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and RPC basically resemble those in their analytical counterparts [104]. However, some 
special characteristics need to be considered, such as the average particle size and 
thickness of the stationary phase, application of a large amount of sample, detection of the 
separated compounds, as well as their removal. In preparative capillary-flow PC and in 
micropreparative RPC, only off-line methods can be used. This means that once the 
analytical or preparative plate has been developed and the solvent system is evaporated, 
the separated bands must be located and the desired compounds removed from the plate. 
For OPLC and RPC also on-line elution may be used, where all compounds migrate over 
the whole separation distance. This results in a better separation in the lower R- range, 
and additionally allows the separated compounds to be directly eluted from the 
chromatoplate [105]. 

For self-made preparative plates the stationary phases most often applied are silica, 
alumina, cellulose, and gypsum. To produce layers with a thickness between 0.5 and 
2mm, so-called P-type sorbents may be used, which do not contain CaSO ,. Sorbents 
designated “P+ CaSO,” are suitable for preparing layers up to 10mm thick. The 
advantage of preparing one’s own plates is that any desired thickness or composition of 
plates becomes feasible. Besides saving time, precoated layers have the advantage of 
much better reproducibility than self-made plates. Generally, four types of pre-coated 
preparative plates are commercially available: silica, alumina, RP-2, and RP-18, in layer 
thicknesses of 0.5—2 mm. It is generally accepted that high resolution requires relatively 
thin layers (0.5—1 mm). On a high-capacity (1.5- to 2-mm) layer the resolution is much 
more limited. The load capacity of a preparative layer without loss of separating power 
increases with the square root of the thickness. The load capacity of a 0.5-mm layer is 
approximately half that of a plate with a layer thickness of 2 mm [105]. In addition to the 
20 X 20-cm or 20 X 40-cm plates, 20 x 100-cm plates are also available for the separation 
of larger amounts of sample. The silica materials commonly used for preparative 
separations have excessively coarse particles (average of ca. 25 jzm), and their distribution 
is also excessive (5—40 ym). Various precoated preparative layers with a pre-adsorbent 
zone are also commercially available. 

The process of sample application is an important step in preparative PC. The preferred 
method of placing a sample on a preparative layer is to apply it as a narrow streak across 
the plate. It is convenient to use pre-coated preparative layers with a concentrating zone 
[105]. A solid-phase sample application method by Botz et al. [147] permits uniform 
sample application over the whole cross-section of the preparative layer with the 
advantage of in situ sample concentration and clean-up and an extremely sharp edge. This 
device can be applied in both capillary-action and forced-flow PC. 


6.7.1 Off-line separation 


For off-line separations of 5- to 15-mg samples, analytical TLC and/or HPTLC plates 
can be used, but where the total amount of substances to be separated lies between 50 and 
1000 mg preparative plates must be used [148]. Many methods are available for the 
location/detection of the separated components. Pre-coated plates containing indicators 
fluorescing at 254 nm or 365 nm provide a general nondestructive mode of detection. If 
the compounds themselves are not visible or fluorescent, they can be detected by applying 
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specific reagents. After development, a vertical channel is scraped in the layer, ca. 0.5 cm 
from the beginning of the applied streak. After covering the rest of the layer with a glass 
plate, the uncovered part of the layer, sprayed with a suitable reagent, serves as a guide for 
locating the zones on the remainder. The mechanical removal of the zones is followed by 
elution of the compounds from the stationary phase with a suitable solvent, separation 
from the residual adsorbent, and concentration of the solvent. Several commercially 
available devices and individually developed methods exist for eluting the compounds 
from the stationary phase [148]. 


6.7.2 On-line separation 


Mincsovics et al. summarized [149] all possible combinations of off- and on-line OPLC 
separation techniques, which are also valid for RPC. The fastest FFPC separation can be 
obtained in the fully on-line mode. This operating mode is also the simplest and most 
economic preparative FFPC method, because, after cleaning and re-equilibration, the same 
plate may be used several times without loss of resolution. Since OPLC and RPC may be 
used not only for on-line preparative separations, but also for analytical and 
micropreparative purposes, both analytical methods allow a direct scale-up to preparative 
OPLC and RPC, respectively [148]. 

From the TLC separation in unsaturated or saturated chromatographic tanks, the 
solvent system can be transferred via analytical OPLC, microchamber and _ultra- 
microchamber RPC to preparative OPLC, microchamber and ultra-microchamber RPC, 
respectively [35]. For scale-up, the sample may be applied to an analytical TLC plate and 
the amount of sample increased stepwise in subsequent separations. The resulting plates 
are scanned (off-line) to see whether the resolution is satisfactory. Thus, the maximum 
amount of sample for the on-line preparative separation is determined, considering the 
particle size and the volume of the stationary phase. The flow-rate of the mobile phase 
must be adapted to preparative separation, so that the migration of the a-front is as fast as 
in the analytical separation. Mixed sorbents can be used for on-line separation in the 
column RPC [79]. The stationary phase occupies a closed radial chamber (column), which 
has a special geometric design, hence the name “column” RPC. The volume of stationary 
phase stays constant along the separation distance; the flow is accelerated linearly by 
centrifugal force [147]. The simplest method is to fill the major part of the planar column 
with silica and then for the last 1 cm separation distance with kieselguhr, as a preadsorbent 
zone. It is also possible to fill the same planar column with more than two successive 
stationary phases in order of increasing or decreasing polarity. 


6.7.3 Selection of the appropriate method 


Whether the use of forced-flow techniques is necessary or not depends on the kind of 
sample to be separated. Instrumental methods will increase preparation time and cost but 
also significantly improve efficiency. As a rule of thumb, if the sample contains more than 
5 substances, up to 10 mg of sample can be separated by a micropreparative method and up 
to 500 mg by a preparative method. If the sample contains fewer than 5 substances, 
the amounts may be increased up to 50 mg and 1000 mg, respectively. If no more than 
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6 compounds are to be separated, distributed over the whole R; range, present in more or 
less the same amounts, and if the total amount of sample exceeds 150 mg, preparative 
capillary flow-controlled PC can be used successfully. This is the simplest and therefore 
the most widely used method [150]. 

The potential of on-line linear OPLC on 20 X 20-cm plates with a separation distance 
of 18cm as a preparative method is considerable. Because the particle size of the 
precoated plates is so large, not all advantages of this method can be realized yet. 
Generally, on-line OPLC can be used for the separation of 6 to 8 compounds in amounts up 
to 300 mg [38]. The oldest forced-flow planar chromatographic method uses centrifugal 
force for on-line purification and isolation [32,33]. Generally, 15-m particle size is used 
in the stationary phase with all the advantages of free selection of the size of the vapor 
space and development mode. Up to 10 compounds in amounts up to 500 mg can be 
isolated by the appropriate RPC method [148]. 


6.8 SPECIAL PLANAR CHROMATOGRAPHIC TECHNIQUES 


6.8.1 Combination with flame-ionization detection 


TLC can also be carried out on permanent, rod-shaped layers, having mechanical 
and chemical properties that permit detection of the separated compounds with a 
flame-ionization detector (FID) [151]. It should be noted that this is a planar but not a 
“flat-bed” technique, i.e., the term flat-bed chromatography does not include all PC 
methods. A TLC/FID system commercially available is the Iatroscan TH-10 (Iatron 
Laboratories). The layer, composed of a suitable sintered mixture of glass powder and 
adsorbent, is coated on a quartz rod with a diameter of 0.9mm and a length of 
15 cm. The glass powder (1—10 xm) is mixed with the stationary phase (5—10 wm) in 
a ratio between 2 and 10 to 1. At present, three types of rods are commercially 
available; Chromarod S (10-wm silica; layer thickness, 100 wm), Chromarod S II 
(5-m silica; layer thickness, 50 wm), and Chromarod A (10-~m aluminium oxide; 
layer thickness, 35 wm). 

Before the rods are used, they are cleaned and activated in the flame of the detector. 
After they have been placed in a holder, the samples are applied (1- to 50-wg samples in 
0.1-1 wl), and the chromatogram is developed in a saturated N-chamber. After 
development, the solvent system is evaporated and the rods are placed in a sliding 
frame of the instrument, which passes through the FID at constant speed. The individual 
zones are ionized in a hydrogen flame, and the ionization current produced is amplified and 
fed into the integrator and recorder. Some recent developments, involving the use of novel 
detectors, such as the flame-thermionic ionization detector (FTID), which responds to 
substances containing nitrogen and halogen atoms, and the flame-emission photometric 
detector, which detects compounds containing sulfur and/or phosphorous as well as the 
chemiluminescent nitrogen detector, coupled on-line with FID, should be able to widen 
the range of possible applications of the coated-rod TLC-FID systems. The method, 
instruments, and applications have been surveyed by Mukherjee [152]. 
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6.8.2 Sequential techniques 


The sequential development of analytical and preparative plates has the advantage that 
the solvent system supply is fully variable in time and location. Thus, the resolution can be 
improved and the separation time reduced. The principle of the sequential technique is 
based on the fact that the solvent system velocity is much higher at the beginning of the 
separation than later on. After a first separation, the layer is dried, and either the same or a 
different suitable solvent system is applied. The supply of solvent system may be stopped 
at any time in order to transfer it directly to the area of the compound zones to be 
separated. Therefore, the high initial velocity of the solvent system is always used, and 
this substantially shortens the analysis time and increases the resolution. Sequential TLC 
can be carried out with the S-chamber-type Mobil-R; chamber, developed by Buncak 
[153,154]. 

Combination of the circular and anticircular development modes is possible by 
sequential development in RPC. In this technique, the mobile phase can be introduced at 
any desired place on the plate and at any time. In sequential RPC, the solvent application 
system — a sequential solvent delivery device — operates by centrifugal force and with the 
aid of capillary action against a reduced centrifugal force (antiradial mode). Generally, the 
circular mode is used for the separation of zones and the anticircular mode for pushing 
zones back towards the center with a stronger solvent (e.g., ethanol). After the plate has 
been dried at a high rotational speed, the next development with another mobile phase may 
be started. This combination of two operating modes makes the separation pathways in 
sequential RPC theoretically unlimited [41,79]. 


6.8.3 Mobile-phase gradient 


In PC, a true mobile-phase gradient can only be used with the FFPC techniques. 
Whereas all forms of gradient are possible with these methods, so far only the application 
of step gradients has been reported. The positive effects of step gradients were 
demonstrated not only for analytical [155] and preparative OPLC separations [156], but 
also for analytical and preparative RPC separations of various plant extracts [82]. 


6.8.4 Layer-thickness gradient 


Use of preparative taper plates [157] greatly reduces spot elongation and overlapping, 
due to the gradient effect of layer thickness. The improved performance of the taper plate 
is similar to the improved resolution in the lower R;- range observed with radial TLC. In 
the taper plate, the cross sectional area traversed by the solvent increases as development 
progress. Therefore, the cross sectional flow per unit stationary phase area is always 
highest at the beginning of the layer, decreasing toward the mobile-phase front. As a result, 
the tail end of a zone moves faster than the front end, thus keeping each component 
focused in a narrow band. Band-broadening is significantly reduced, especially for 
compounds with higher R; values. Compounds with lower Ry values are subject to greater 
mobile-phase velocity, because of the increase in the amount of solvent at the front with 
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migration distance. Because of this, the distance between bands at lower Ry values is 
increased, resulting in better separations. 


6.9 COMPARISON OF VARIOUS PLANAR CHROMATOGRAPHIC 
TECHNIQUES 


PC methods may be compared with respect to simplicity, reproducibility, efficiency, 
rapidity, and speed TLC and HPTLC plates and techniques are compared in Refs. 2 and 
20. In this context, it should be noted that at smaller average particle size of the stationary 
phase and, therefore, at shorter separation distance, the detection limit is as much as 5-10 
times lower in the absorption and in the fluorescence mode. Chamber saturation is one of 
the most important factors in achieving reproducibility in capillary flow-controlled PC. 
Therefore, the type of chromatographic chamber and the degree of saturation of the vapor 
phase should be stated when reporting results [2,108]. The possibilities of transferring 
optimized solvent systems between various PC methods are discussed in Ref. 158. 

Capillary flow-controlled PC is much simpler to use than the forced-flow techniques. 
As a rule, FFPC techniques are of value only with the small-particle-size HPTLC plates. 
The linear development mode (over a 18-cm separation distance) can be recommended 
when pairs of peaks show incipient separation on a TLC plate with capillary-controlled 
flow, but not enough resolution for quantitative evaluation. If the separation problem is in 
the upper R; range, anticircular development should be tried; if it is in the lower R- region, 
circular development is preferred [65]. In both cases, the resolution can be increased 
further by FFPC techniques. If many compounds are to be separated (up to 72), ultra- 
microchamber RPC or OPLC in the circular development mode is preferred. A 
comparison of the analytical PC methods is given in Table 6.2. In capillary flow- 
controlled PC under optimized operating conditions, the spot capacity lies between 15 and 
25. For 2"D development this value can be increased to 400, but it is almost impossible to 
exceed 500, except under very favorable conditions [20]. Using FFPC, the spot capacity 
can be between 60 and 100. If OPLC development is used in the first direction and the 
elution of the compounds in the second direction, a spot capacity of a few thousand could 
be achieved theoretically [159]. However, this has not yet been accomplished in practice, 
due to technical difficulties. At the moment, the fastest separations can be achieved with 
OPLC. A separation time of less than 5 min for 72 samples of enantiomers has been 
reported [36]. A comparison of the different RPC methods has been published [35]. 
Classical preparative-layer chromatography was also compared with the various 
preparative FFPC techniques [105]. 


6.10 TRENDS IN PLANAR CHROMATOGRAPHY 


6.10.1 Development of instrumentation 


There is a strong trend towards instrumentation of the individual steps in PC. A 
significant improvement is the Camag sample applicator, which enables automatic sample 


TABLE 6.2 


COMPARISON OF ANALYTICAL PC METHODS 


887 


Basis of comparison Methods 
TLC HPTLC OPLC U-RPC M-RPC 
Flow-rate Capillary action Depending on Depending on centrifugal force 
overpressure 

Vapor space Variable Absent Practically absent Saturated 
Development mode Linear, circular, anticircular Linear, circular Circular, multiple (linear, anticircular) 

two-directional, multiple 
Separation distance Max. 18 cm Max. 7 cm 18 cm (54 cm) 8 cm (10 cm) 
Number of samples Up to 36 Up to 72 Up to 72 
Temperature Controllable Programmable Controllable 
Disadvantages Low separation Short migration Disturbing zone Overflow effect 

power distance Multifront effect 


Special possibilities Over running 


On-line detection 


Observation during separation 
Sequential technique 
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application in linear, circular, and anticircular PC by selection of the x, y, and z 
coordinates. Solvent front detection is now available with a double-beam optical sensor 
[160] in automated developing chromatographic tanks [161] with a multiple plate holder. 
Based on the computer “desk jet” printer, a new instrument for pre- and _ post- 
chromatographic derivatization was also developed [162]. A further improvement of 
multidimensional detection systems can be expected soon in the field of identification by 
spectroscopic methods, based on results achieved so far. The most recently developed 
generation of diode-array densitometers enables greater accuracy and more rapid 
quantitative determinations [114,115]. This new type of densitometer allows the on-line 
detection on TLC/HPTLC chromatoplates [163]. 


6.10.2 Development of forced-flow planar chromatographic methods 


It is expected that future research will concentrate on the positive effects of forced flow, 
e.g., the applied pressure in OPLC and the centrifugal force in RPC. As a consequence, 
smaller particle size and a narrower distribution range will be needed for the stationary 
phases in order to achieve maximum resolution. The advantage of combining on-line 
and off-line separations [149] as well as two-dimensional development can also be 
exploited in OPLC. This development mode for planar columns was first described by 
Guiochon et al. [159,164]. After development with the first mobile phase, zones are eluted 
in perpendicular direction with a second mobile phase into a diode-array detector. Under 
optimized conditions, a separation number (SN) > 1000 could be achieved [1,2]. This 
would open up new vistas in the separating power of PC, but the experimental difficulties 
in implementing such a separation process are excessive. A very realistic possibility of 
increasing the efficiency and rapidity of the PC separation of complex samples is the use of 
multilayer OPLC. In the proposed version of Tyihak et al. [27] the same or different types 
of stationary phases can be used for the simultaneous development of several 
chromatoplates (Fig. 6.12a,b,c) [158]. This version is not only excellent for rapid off- 
line analytical OPLC, but also suitable for RPC. The efficiency of the method was recently 
demonstrated by Botz et al. [165], who developed five HPTLC plates simultaneously. By 
circular OPLC, 360 samples of plant extracts could be separated in 150 sec. 

A novel category of multilayer OPLC is the long-distance OPLC, where the efficiency 
of the separation is increased significantly [166,167]. The end of the first chromatoplate 


(Ses 
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Fig. 6.12. Schematic drawing of multilayer OPLC (ML-OPLC). (a) Off-line linear one-directional 
development, (b) off-line linear two-directional development, (c) off-line circular development. 
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Fig. 6.13. Schematic drawing of long-distance OPLC (LD-OPLC). (a) Principle of the method, 
(b) fully off-line LD-OPLC using homolayers, (c) fully on-line LD-OPLC on heterolayers. 


has a slit-like perforation to permit the mobile phase to migrate to a second layer. On this 
basis, a very long separation distance can be achieved by adding one chromatoplate to 
another, as it is shown in Fig. 6.13a. Also, different stationary phases can be used so that 
each part of a complex mixture can reach a suitable stationary phase. The method is 
applicable for off-line (Fig. 6.13b) and on-line determination (Fig. 6.13c) of analytical 
samples and perhaps a combination of off-line and on-line analysis of complex samples. 


6.10.3 Multidimensional planar chromatography 


Multidimensional planar chromatography (MD-PC) requires not only a multiplicity of 
separation stages, but also that the integrity of separation achieved in one stage be 
transferred to the others. The process of separation on a two-dimensional plane is the 
clearest example of multidimensional separations [96]. The greatest strength of MD-PC — 
when properly applied — is that compounds are distributed widely over a two-dimensional 
space of high peak (zone) capacity. The best possibility to achieve optimal separation is 
the parallel combination of stationary phases and solvent systems/mobile phases. To take 
advantage of the double effect of MD-PC it is recommended that fine-particle-size bilayer 
chromatoplates be combined with multiple-development techniques, in which total 
solvent strength and mobile-phase selectivity are changed simultaneously. On the basis of 
theory and experimental observations, it can be predicted that a zone capacity of ca. 1500 
could be achieved by MD development. Because the same result can be achieved by 
application of two-dimensional forced-flow development on HPTLC plates, it can be 
stated that with the combination of finer (3-j.m)-particle-size stationary phases, FFPC and 
"D promises a bright future for modern PC [96]. For quantitation in MD-PC we are close to 
the time when slit-scanning densitometry will be replaced by quantitative image analyzers. 


6.10.4 Multimodal separations by planar chromatography 


In multimodal separations [22], where PC is one of the modes, two separation 
techniques having complementary retention mechanism are used. It is generally accepted 
that in multimodal separations PC is the second step. The first separation technique can be 
a GC or a CLC separation. Although, GC/PC was used successfully earlier, it is no longer 
popular. Boshoff et al. [168] were the first to describe an interface for depositing the 
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effluent from conventional CLC on a TLC plate. Hofstraat et al. [169,170] reported the 
coupling of narrow-bore HPLC and PC using HPTLC plates. Due to the low mobile-phase 
velocity (10-100 wl/min), the complete column effluent can be deposited on the 
chromatoplate, using a modified spray-jet band applicator. Using the advantage of the 
coupled RP microbore HPLC and normal-phase AMD techniques, Janchen [171] reported 
the separation of more than 50 compounds on a single chromatoplate. Though only a few 
papers have been published so far concerning this type of multimodal separations, gradual 
application of this technique can be expected in the near future. Another possibility that 
can be envisioned is that the effluent from HPLC may be coupled with various types of 
FFPC, like OPLC and RPC. Furthermore, the combination of on-line OPLC and AMD 
techniques is expected to result in extremely high resolutions, while on-line multi-channel 
OPLC, combined with diode-array detection, will open up new vistas in PC. For the 
analysis of complex samples on-line multi-channel detection can be combined with the 
diode-array scanner [114,115] as well as image analysis [116-119] for compounds 
remaining on the stationary phase. These possibilities are also summarized in Ref. 172. 
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7.1 INTRODUCTION 


Electrokinetic chromatography (EC) comprises separation systems in which (a) 
distribution (partitioning or adsorption) of analytes takes place between two “phases” and 
(b) an electroosmotic flow (EOF) serves for the transport of a liquid phase through the 
separation system. This EOF is established after the application of an electric field on the 
separation capillary. Mobile-phase movement is thus based on electro-osmosis instead of 
on a pressure gradient, as in classical chromatography. The dissolved analytes migrate 
through the separation system in the mobile phase, and the different migration velocities of 
the analytes are implemented by utilizing interactions with a second “phase”, which is a 
real phase in the simplest case. However, there is no difference as a matter of principle in 
the distribution equilibrium (which is, by the way, established solely at the interface 
between the two phases) whether a real phase is considered or a species, which is simply 
dissolved in the liquid as a soluble additive. Indeed, in electrokinetic chromatography we 
can span the range from real stationary solid or liquid phases to small molecules that form 
an adduct with the analytes. Common to all electrokinetic chromatography methods is a 
different velocity of the two “phases” in relation to each other, and the operation of 
separation selectivity due to a different extent of interaction of the analytes with these two 
“phases”. 

Conceptually, one of the main advantages of EC is the significant reduction of plate 
height due to the plug-type profile of the electro-osmotically driven bulk flow. The lower 
plate height and the fact that column length and particle size are not restricted by a 
maximum applicable pressure drop across the column — as it is in pressure-driven liquid 
chromatography (pd LC) — results in EC separation systems with very high plate numbers. 
It is evident that high plate numbers significantly improve the resolution at a given 
selectivity in general; they are of particular benefit when dealing with complex mixtures of 
many components, as they enable attainment of a high peak capacity, i.e., an increase in 
the maximum number of distinguishable peaks. 

Electrokinetically driven (ekd) chromatographic systems do not require pumps. This is 
an important aspect when working with miniaturized chromatographic beds, e.g., in edged 
chips, for which a pump system might not be appropriate. Further miniaturization of 
separation systems will utilize the EOF even more. 


7.1.1 Modes of electro(kinetic) chromatography 


The general scheme which depicts the situation in all EC systems is shown in Fig. 7.1. 
The two “phases” between which the analyte is distributed are indicated by (1) and (2), 
respectively; they migrate with the different velocities v ‘’ — phase (1) — and v ° — phase 
(2). Phase (1) is always driven by the EOF, and consequently v‘? = yp“. 

From Fig. 7.1, the migration velocity of analyte, i, can be derived as follows. The total 
velocity, v;, is composed of the velocities of the analyte in the particular “phases”, each 
weighted by the probability of being present there. This probability is equivalent to the 
fraction, x;, of the mole number, n,, of i in the respective phase related to the total mole 
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(2) 


v 
+ 
phase (2) 
Analyte 
sass ee Interface 
phase (1) 
—> 
yp 


Fig. 7.1. General scheme of electrokinetic chromatography with partitioning of the analyte between 
two “phases”, (1) and (2). yO = yFOF and v are the velocities of the two “phases”. 


(1) 


number, of i present in both phases. In Phase (1) this fraction, x; ’, is given by 
(1) 
(Gl ence: 
a (7.1) 
ni + x) 
Eqn. 7.1 can be rewritten as 
1 1 
xf) = (7.2) 


pee 1+k; 
nO 

where k; is the distribution coefficient of analyte i between phases (2) and (1) in terms of 

mole numbers. In chromatography, k; is usually referred to as retention factor (in the older 

literature also as capacity factor). The retention factor is related to the Nernst distribution 

coefficient, K;, defined as the ratio of the molar concentrations, c;, by the phase ratio, 

gq = V/V, V being the phase volume 


Q) Qye 
b= My = So = Ka CE) 
Nn; C; yoo 


In case both phases are bulk phases, K; is dimensionless. In systems in which one phase is a 
surface, g is defined as A~ /V), A being the surface area, and K; then has the dimension of 
an inverse length. The probability of finding a molecule during a certain time period in Phase 
(2) is equivalent to a , being the difference between unity and 1 /(1 + ;) (see Eqn. 7.1) 


k: 
Ot _ 74 
x; +h; (7.4) 


as the molecules are either in (1) or in (2). The total velocity of the analyte is thus the sum of 
its weighted velocities in the two phases 
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Assuming the absence of any pd hydrodynamic flow, the velocity can now be derived for the 
individual electrokinetic method simply by taking into account the velocity the analyte has 
in the two phases. Dividing by the electric field strength, E = U/L (Lis the capillary length, 
U the applied voltage) yields the relation of the respective mobility, 4. The mobility is the 
velocity in an electric field with unit strength, w = v/E. 


1 k; 
= () i (2) 
. eet 7. 
amas Er a ee ve) 
where jy, is the total mobility, which can be derived directly from the measured velocity, v;. 
It should be mentioned that all mobilities in Eqn. 7.6 are those determined from the 
velocity relative to the capillary wall as reference. This reference is obvious when dealing 
with phases that are actually stationary, but is not the only possible reference when dealing 
with moving pseudophases. Eqn. 7.6 can be transformed into Eqn. 7.7, which enables the 
retention factor values to be calculated from the experimentally determined mobilities 
oma 
pe Pi Mi 


i SQ); 
by — BP 


(7.7) 


and which is valid for all EC methods. Note that the velocities are vectors, with the 
convention that their sign is positive if directed to the cathode, and negative when directed 
to the anode. The same holds for the mobilities, which are also signed quantities, but this is 
differently treated in the theory of conductance. 

Electrically neutral solutes migrate in the liquid phase with the velocity v“?" of the 
electro-osmotic flow. Ionic analytes, which have their own charge, exhibit an additional 
velocity vector, vj” hk under the influence of the applied electric field in this phase, which 
is proportional to their electrophoretic mobility, 4;” ” The total migration velocity of 
analyte i in Phase (1), ie; thus reads 


yO = yirr ap por (7.8) 


The particular form of the “phases” (1) and (2) leads to the different modes of 

electrokinetic chromatography: 

(a) Electrochromatography with solid phases. The stationary phase, (2), is the surface of 
either a porous material in the form of a bed of packed particles (packed-bed EC), or 
of a continuous, homogeneous, porous, so-called “monolithic” bed (monolithic-bed 
EC), or it is the wall of the chromatographic capillary (open-tube EC). This stationary 
phase is normally fixed in the system, but it could move as well (for instance, as 
charged colloidal particles), as itis only the relative difference in migration of the two 
phases which is the prerequisite for analyte separation. When the stationary phase is 
fixed, it is obvious that its migration velocity, v, as well as ve is zero. 

(b) Micellar electrokinetic chromatography (MEKC). Phase (2) is a pseudo-stationary 
phase, consisting of (charged) micelles, suspended in the liquid phase — Phase (1). 
Due to their own charge, the micelles migrate in the electric field with a total velocity 
that differs from that of the EOF. Pseudophases may also consist of non-charged 
micelles in those cases where the analytes are charged; such systems are considered 
as rather belonging to capillary zone electrophoresis (CZE). 
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(c) Micro-emulsion electrokinetic chromatography (MEEKC). The pseudo-stationary 
phase consists of charged micro-droplets, dispersed in the liquid phase. As in MEKC, 
the micro-droplets have their own migration velocity. 

(d) Electrokinetic chromatography with soluble polymers. Charged soluble polymers 
(linear or branched polymers, dendrimers, calixarenes) serve as Phase (2). The 
pseudo-stationary phase does not have to consist of discrete micelles or micro- 
droplets. 

(e) Electrokinetic chromatography based on (hydrophobic) interaction or complex 
formation with oligomeric or monomeric additives. Charged low-molecular- 
weight additives, which undergo a kind of complexation with the analyte serve as 
Phase (2). As analytes can interact also with these molecularly dispersed partners, 
there is no reason to limit EC to large particles. Indeed, low-molecular-weight 
additives represent a borderline case of the EC systems. The additive can be neutral, 
if the analyte is charged; this is, however, usually considered as a variant of CZE. 


7.2 ELECTRO-OSMOTIC FLOW IN OPEN AND PACKED CAPILLARIES 


The two electrokinetic phenomena, electro-osmosis and electrophoresis, share the 
common feature that a relative movement of the adjacent liquid occurs tangentially to a 
charged surface after the application of an electric field [1,2]. Electro-osmosis and 
electrophoresis are mirror images of the same phenomenon. In electro-osmosis, it is the 
liquid that is transported through a capillary, an immobilized set of particles, a membrane, 
or a porous plug. Electro-osmosis is the result of an electric double layer, formed between 
the liquid and the charged surface, which are in contact with each other. The electric 
potential falls off perpendicular to the surface, with the characteristic ¢ potential at the slip 
plane, the plane of shear [1,2]. The electro-osmotic velocity of the liquid is proportional to 
the field strength and depends on the ¢ potential, the relative permittivity (dielectric 
constant) of the solvent, ¢,, and its dynamic viscosity, 7. 

For a spherical, non-conducting particle with radius r, the electrokinetic mobility (Z.e., 
mF or uP", the electrophoretic mobility of a particle with a certain ¢ potential) is 
expressed in a general manner by the Henry equation 


= 2 E,E06 
309 

where & is the permittivity of vacuum and f(«r) is Henry’s correction factor. f(Kr) 
depends on the relation between the thickness (Debye length) of the double layer, « |, to 
the particle radius, r. The Debye length, x ', is inversely proportional to the ionic strength, 
1 = 0.55'z?c;, of the solution: x! = ,/(€,e9RT)/F*>.z7c;; where R is the gas constant, F 
the Faraday constant, T the absolute temperature, z; the charge number of the ion, i, in 
solution, and c; its molar concentration. 

Depending on the size ratio of the Debye length to the radius, we can differentiate two 
extreme cases of the Henry formula. The one, the Hiickel—Onsager case (relevant for the 
electrophoretic migration of small molecules), is given when the particle is considered as 
point charge, that is when r << x«~!, and consequently kr << 1; the Henry coefficient 


f(«r) (7.9) 
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f(«r) = 1. The Hiickel—Onsager case ignores the deformation of the applied field around 
the particle. More relevant for the evaluation of the electro-osmotic flow mobility, u“?" 
and thus more interesting for CEC is the Helmholtz—Smoluchowsky case, where the 
surface is considered a flat plane and the field is assumed to be uniform and parallel to the 
surface. Here, the particle (or capillary) radius is large compared to the Debye length: 
kr >> 1. For the limiting Helmholtz—Smoluchowsky case, the Henry correction factor 
f(r) = 3/2. The electro-osmotic mobility is then given by 


pa SS £06 (7.10) 
1 
The zeta potential is related to the charge density of the surface, o, as 
ee (7.11) 
E,EQK 


Combination of Eqn. 7.10 with that for the Debye length gives 


o /e,T 
w=A— | (7.12) 
nV I 


where A is a proportionality constant. 

Organic solvents, either pure or as constituents of the background electrolyte, affect the 
electro-osmotic flow severely [3,4]. According to Eqn. 7.10, the electro-osmotic mobility 
should depend on the solvent-specific parameters, ¢, and 7, actually on ¢,/7, given that 
the ¢ potential does not change upon variation of the solvent. However, such changes can 
hardly be excluded, and changes of the surface charge groups, of pK, values of the buffer 
constituents, etc., have to be considered when varying the solvent composition. In 
addition, changes in mobilities of the buffer constituents, and occurrence of ion association 
should be accounted for. For these reasons, the actually observed influence of the solvent 
will in most cases deviate from that predicted by theory. 


7.2.1 Electro-osmotic flow in open tubes 


Under the conditions of kr >> 1 (when x | << r) the EOF-mobility is independent of 
the particle or capillary radius (Eqn. 7.10). As a consequence, outside the double layer 
distance, the electro-osmotic velocity of the liquid is constant over the cross-section of an 
open capillary. It is clear that within the double layer the mobility changes with the radial 
ordinate. Normally, in EC the Debye thickness is small compared to the radius of the 
capillaries, as can be seen upon insertion of the applicable constants: x | = 0.304 A/T at 
25°C for aqueous solutions (with «~! being in nm, when the ionic strength is in M). For a 
10 mM solution, the thickness is about 3 nm, which is orders of magnitude smaller than the 
usual capillary radii. It further decreases with increasing ionic strength. When the capillary 
diameter does not exceed the double layer thickness significantly (say, at least 50-fold) the 
EOF velocity is smaller than that calculated from Eqn. 7.10, and the flow is no longer plug- 
like; it resembles a parabolic profile, as described by Rice and Whitehead [5]. However, 
down to a capillary or channel diameter of 20 times the Debye length the effect will not 
be dramatic. 
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7.2.2 Electro-osmotic flow in porous beds 


Plugs formed from solid particles have irregular shapes. Therefore, the equations for 
impulse transport cannot be solved without making some geometric models. Two models 
were introduced for the theoretical treatment of the EOF in porous systems: the cell model, 
and the equivalent-cylinder model [1]. The latter, which is more common, considers the 
porous plug as a bundle of parallel cylinders of a certain mean diameter. If the radius is 
much larger than the double-layer thickness (kr >> 1), the Smoluchowsky equation 
can be applied, in which the electro-osmotic mobility is independent of the radius. For the 
packed columns used in EC we consider the channels between the particles to be capillaries 
with an average diameter of ca. 1/4 of the particle diameter [6,7]. For HPLC material with 
particle diameters in the range of 1-5 tm, the average channel diameter is then between 
0.25 and 1.25 wm. With monolithic columns, the diameters of the macro-porous channels 
can vary considerably, depending on the porosity of the material; they can be assumed 
to range between 0.15 and 5 um. In both cases, r is significantly larger than x !. 

There are a number of restrictions that limit the applicability of the theory in practice. 
One is given by the fact that the pore diameter inside the porous particles can be 
comparable to the Debye length, even when the entire particle diameter is large. It 
was shown above that the Debye length is in the range of a few nm in mobile phases 
with several 10 to 100 mmol/L ionic strengths. The pore diameters of such particles 
are, however, in the 8- to 12-nm range, which is only 2 to 3 times larger than the 
double-layer thickness. Within the pores, double-layer overlap occurs, which reduces 
the EOF mobility [8,9], given that the pores are accessible to flow. In that case the EOF 
profile is no longer plug-like. 

In tubes filled with particles typically used in CEC, the column-to-particle diameter 
ratio, the so-called aspect ratio, is relatively small (it is the order of 2 to 20). In such 
systems, the local total porosity of the packed bed is not constant, but varies with radial 
position. It is unity in the immediate vicinity of the wall, and reaches a constant value, 
typically 0.6 to 0.7, far from the wall, displaying a damped oscillation over a distance of 
several particle diameters [10—13]. As the EOF in the packed capillary has a radial 
velocity distribution which depends on the aspect ratio and on the ratio of the ¢ potentials 
of the wall to that of the particle surface, we find a radial EOF mobility distribution that is 
not consistently described by the Smoluchowsky theory. 

Another refinement of the theoretical treatment becomes necessary, if particles exhibit 
a certain surface conductance, i.e. an excess conduction tangential to the charged surface. 
As the mobile phases or background electrolytes (BGE) usually applied in CEC exhibit 
a relatively high electric conductance, surface conductance most often does not play 
a relevant role. However, it might become significant in systems with low bulk 
conductance and large xr (> 25). Then the zeta potential, as related to the electro-osmotic 
mobility, is underestimated. Under these conditions, the Dukhin theory [14-16] offers a 
more adequate relation between mobility and ¢-potential. 

In CEC practice another point must be taken into account, if the column consists of a 
packed and an open segment. Even given that the ¢ potential at the capillary wall is 
identical along these segments (and assuming the theoretical case that the particles do not 
contribute to the EOP), the electric conductances and, therefore, the field strengths in both 
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segments will not be equal. The ratio of the conductance of a packed capillary, «,, with 
interstitial porosity, ¢;, to the conductance of an open capillary, «,, of the same dimension, 
and filled with the same electrolyte solution, is [17] 


Ky/Ko = (€;)” (7.13) 


Typical values for CEC columns with spherical packings are: ¢; between 0.3 and 0.4 and 
the exponent m 1.5 [18,19]. This leads to a ca. 4 times larger conductance in the open 
segment, thus to a different field strength and, consequently, to a smaller EOF. As the 
liquid is non-compressible, the volume flow-rate must be the same in both segments. 
Therefore, a hydrodynamic pressure occurs at the border between the open and the packed 
segments, and a laminar flow is generated. As this additional flow will occur most 
probably mainly through the open segment, due to its higher permeability, it often does not 
influence significantly the analyte migration in packed columns [20]. Considering charged 
particle surfaces as a source of EOF, the EOF in the packed segment will be even larger 
due to the higher charge density there. 


7.3 ELECTROCHROMATOGRAPHY WITH STATIONARY PHASES 


7.3.1 Migration 


Commonly, when we speak of CEC, we assume the use of a stationary phase, fixed in 
the system. This means that velocity v? is zero, and Eqn. 7.5 for the analyte velocity 
reduces to 


1 
= (1) 7.14 
Vag (7.14) 
The migration velocity of analytes in the mobile phase, we, equals v“?" in case the 


analytes are electrically neutral. If they possess an electric charge, their velocity in the 
mobile phase will be given by Eqn. 7.8. Thus, the total migration velocity, v;, (which is 
often called apparent velocity in the context of electrophoresis) depends on the analyte 
velocity in the mobile phase and on the extent of partitioning between the two phases. 
Neutral analytes migrate with the EOF velocity when k; is zero, but charged analytes can 
move even faster than the EOF, even though they have partition coefficients different from 
zero. 
Insertion of Eqn. 7.8 for the analyte velocity into Eqn. 7.14, and division by the field 
strength gives the analyte mobility 
1 
Ed eph EOF TAS 
Bi Ter a a ) (7.15) 
and the equation by which the retention factor can be evaluated from the measured 
mobilities as 
eph EOF _ 
ee a 2 
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For a neutral analyte ( re = 0) Eqn. 7.16 yields the classical relation between retention 


factor and migration time — mobility and migration time are inversely proportional; 
b; = v;/E = 1/(t,E), where / is the migration distance 


k, = i leor (7.17) 
EOF 

This allows simple assessment of the retention factor from the residence time of the 

analyte, t;, and the residence time, tgo-, of the EOF marker (a compound which is 

unretained). For charged solutes it is necessary to determine the electrophoretic mobility 

of the analyte under conditions where it is not retained (e.g., in free solution of the same 

pH, ionic strength, and solvent composition). 


7.3.2 Peak dispersion 


The theoretical treatment of peak dispersion in CEC follows the plate-height concept 
used in pd HPLC. Commonly, five processes are considered as being predominantly 
responsible for peak-broadening in HPLC with packed beds: longitudinal diffusion, 
convective mixing, eddy dispersion, broadening due to the kinetics of mass exchange in 
the mobile and the stationary phase (including kinetic effects from the adsorption/desorp- 
tion process), respectively [21,22] (Chap. 1). Given that the system is linear, the total 
plate-height is simply the sum of the plate-heights of the different contributions. 

Electrokinetic chromatography differs from the corresponding pd system significantly 
and particularly with respect to the following contributions: 

(a) Convective mixing. In contrast to pd HPLC, where the mobile-phase flow profile is 
parabolic, the EOF, transporting the mobile phase in CEC, does not form a radial 
velocity gradient (at least for channel diameters which are significantly larger than 
the thickness of the electric double layer). In porous chromatographic beds the 
plug-like profile of the EOF largely reduces a possible radial flow-velocity 
distribution, and most importantly, makes the flow-velocity independent of the 
channel diameter. It is particularly this contribution which is usually significant in 
pd LC and is essentially reduced in CEC due to the characteristic features of EOF 
flow profiles. 

(b) Joule heating. This adventitious contribution common to all electrokinetic methods 
is due to the heat generated in the ionic solution upon passage of an electric current. 
There is no equivalent in pd HPLC. The increased temperature of the solution leads 
to a temperature gradient between the center of the channel and the wall. The 
additional increment to dispersion based on this effect has been discussed by Knox 
et al. [7,23—25] and Horvath et al. [26-31]. For CZE, it has been demonstrated that 
it is often an overestimated effect on peak broadening, although the temperature 
increase inside the column could be drastic [32]. 

As in classical column chromatography, two main techniques can be differentiated, 
depending on how the stationary phase is brought into the separation system. In one 
method the stationary phase is fixed on the inner wall of the capillary (open-tube 
chromatography), and in the second technique the stationary phase is at the surface of a 
porous material, of either particles or a monolithic rod. 
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7.3.3 Open tubes 


Open-tubular capillary electrochromatography is performed with the same separation 
capillary as pd open-tube LC. As such systems have a well-defined geometry, which 
allows a clear theoretical description of the dispersion processes, the processes which 
contribute to peak-broadening here can be expressed analytically. The k; dependence of 
the plate-height increment of the combined term, originating from convective mixing and 
mobile-phase mass exchange with EOF transport in the open cylindrical capillary reads 
[33] 


D2 
k; r (1) 


Sy oe aie) 7.18 
4D (1 + ki) (7.18) 


Hem 
r being the capillary inner radius, and DY the diffusion coefficient of i in the mobile phase; 
yD = yBOF is the mobile-phase velocity. 


H,, in CEC is lower than in the case of open-tubular chromatography with laminar 
flow (Taylor dispersion). The corresponding equation for the latter case reads 


(A+ 6k; + 11K?)r? wo 


7.19 
24D'(1 + k)? ne 


cm 


In this equation, v" is the pressure-caused mean flow-velocity of the mobile phase. 
Note that the term for EOF transport reaches a limiting value of (1/ Ayr’ v if DY ] for 
analytes with very large k; values, whereas that for the pd flow has a limiting value of 
(11/24)[r?v /D\], which is nearly twice as large [34]. 

Open-tube CEC faces the analogous problems as open-tube HPLC: due to the small 
diffusion coefficients of the analytes in the liquid phase, very low mobile-phase velocities 
are needed to approach the Van Deemter minimum, and this results in very long analysis 
times. Another way to overcome this limitation is to shorten the diffusional path length by 
reducing the inner diameter of the capillary. This strategy, however, leads to low detection 
sensitivity and a high demand on miniaturization in order to suppress extra-column effects. 


7.3.4 Packed beds and monoliths 


In CEC with solid beds, the driving force for the EOF is associated to the ¢ potential via 
the charged surfaces of the particles and (to a minor extent) of the capillary wall. With 
silica-based alkyl-modified support material, the surface charge results either from 
dissociated residual silanol groups still present after derivatization or, in addition, from 
immobilized charged groups, fixed on the support material via a short spacer. When 
strongly or weakly acidic groups, like sulfonic acids or carboxylic acids, are immobilized, 
a cathodic EOF will be generated, while binding basic groups to the surface yields an 
anodic EOF (given that the anodic flow resulting from the positively charged surface 
groups prevails over the cathodic flow of the silanolates). When polymeric support 
materials, like polystyrene/divinylbenzene (PS/DVB) co-polymers or poly(methacrylate) 
(PMA)-based support particles, are used, the incorporation of ion-exchange groups is the 
method of choice for obtaining a charged surface. In this case, the ligand density alone 


Electrokinetic Chromatography 307 


determines the surface charge density and thus the strength of EOF. The immobilization of 
strongly acidic ligands which produce an EOF even at very low pH values, offers an 
opportunity to perform CEC separations under highly acidic conditions, at which the 
dissociation of the silanol groups is insufficient. It is noteworthy that even surfaces of 
relatively inert organic polymeric particles, like polyethylene, exhibit a manifest ¢ 
potential [4], often due to the adsorption of ionic species from the solution. 


7.3.4.1 Selectivity 


Most applications of CEC are based on a reversed-phase (RP) mode of operation with 
predominantly hydrophobic surfaces and aqueous mobile phases containing a certain 
amount of organic modifier. The addition of organic solvent components to the mobile 
phase significantly influences the EOF. Charge density, viscosity, and relative permittivity 
(Eqns. 7.9—7.12) of mixed organic/aqueous solvents are considerably different from the 
corresponding values in water. Acetonitrile is most frequently employed as the organic 
solvent constituent, as it does not affect the EOF so pronouncedly like methanol and 
ethanol; the ¢,./7 ratio of the mobile phase changes much less over the composition range 
in case of water/acetonitrile mixtures [3]. Usually, the EOF in mixed organic/aqueous 
solvents is lower than in pure aqueous solution. 

Considering the retention mechanism with regard to non-charged analytes, EC, 
performed in this RP mode, proved to be entirely comparable, in most aspects, to the 
RP-LC mechanism observed in pd LC systems. Particularly, the dependence of the 
(chromatographic) retention factor, k;, on the volume fraction (% v/v) of the organic 
component in the mixed mobile phase (usually acetonitrile) shows — within a certain range 
of solvent composition — in many instances a fairly linear decrease of the logarithm of k; 
with increasing modifier content, similar to classical RP-HPLC [34]. A similar concordance 
is also observed for the temperature-dependence of k;, where the Van’t Hoff plots exhibit 
fairly linear dependencies of In k; on 1/T. However, in CEC one must always be aware 
that — in dependence of the applied voltage — the actual temperature in the chromatographic 
bed may drastically exceed the temperature of the thermostated surrounding. For charged 
analytes, clearly, the selectivity is governed, according to Eqn. 7.16, not only by the 
partition equilibrium but also by the differences in the mobilities of analytes. 

A substantial number of materials have been developed in the form of beads and 
monolithic beds. Beyond the RP-type stationary phases, materials were made up 
containing various surface-immobilized ligands that can act as selectors to provide specific 
selectivity [35,36]. Especially in the context of chiral separations, non-aqueous mobile 
phases (e.g., mixtures of acetonitrile with methanol, containing mM concentrations of 
acetic acid or triethylamine) have been employed for this [37,38]. 


7.3.4.2 Peak dispersion 


Considering aspects of efficiency in packed-bed CEC, it is the substantially reduced 
contribution of convective mixing in particular which is responsible for the very high 
efficiency (Fig. 7.2). With monolithic beds — briefly discussed below — an additional and 


308 Chapter 7 


nN w . or 5204 
Oo ° o o oO 


Plate height (um) 


~~ 
oO 


0 1 2 3 4 5 6 7 8 


Linear flow velocity (cm-min') 


Fig. 7.2. Comparison of the H vs. v curves for pressure- and electro-driven LC. Column: Monolith, 
produced by co-polymerization of butyl methacrylate, ethyleneglycol dimethacrylate, and 2- 
acrylamido-2methyl-1-propane sulfonic acid. Total length, 41.5cm; effective length, 33 cm; 
100 pm ID. Mobile phase, 20% (v/v) aq. sodium phosphate (5 mM, pH 7)/80% acetonitrile. 
Temperature, 21°C. (Reproduced from Ref. 64 with permission.) 


significant improvement in the mass-exchange term is achieved. Finally, in CEC the 
column length is not as much limited as in pd HPLC, since the packing itself is the source 
of the flow and does not cause a pressure drop. It is obvious that with long capillaries 
higher plate numbers can be obtained. 

Optimized packing techniques yield plate-height values of nearly half of those obtained 
in classical pd HPLC systems. This means that the reduced plate height, h, (h = H/d,, 
where d, is the particle diameter) for very well packed beds could be established at a value 
of ca. 1 for CEC, compared to ca. 2 for pd systems [34]. Plate numbers as large as 200,000 
are thus attained with capillaries of 50-cm length, packed with 3-~m (monodisperse) 
particles (corresponding to ca. 400,000 plates/meter). For comparison, a typical capillary 
of 25-cm length, packed with 3-um particles yields only about 25,000 plates when 
operated in the reversed-phase pd LC mode (this is ca. 100,000 plates/meter). Due to the 
large pressure drop, the column length cannot be extended much over 25 cm in practice. 
With well-packed and, especially, with monolithic EC capillaries, there is a potential for 
achieving or even exceeding the plate numbers usually reserved for capillary gel 
electrophoresis or CZE (i.e., several hundred thousands up to a million plates, depending 
on the charge number of the analytes). 

Silica and, particularly, synthetic organic polymer materials, based on PS/DVB and 
various methacrylates are increasingly employed as monolithic phases, which are 
synthesized directly in the tube (capillary) and form uniform, continuous chromatographic 
beds. Monolithic capillaries provide a further reduction of the plate-height due to a reduced 
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mass-exchange term. This is based on the fact that in the totally porous bed an in-pore flow 
is established, which results in the mass transfer no longer being controlled by analyte 
diffusion. Monolithic capillaries are particularly well suited to CEC [30,39]. Whereas 
polymeric monoliths can offer up to 150,000 plates/meter in pd HPLC, they yield up to 
400,000 plates/meter (or 80—150,000 plates/column) in CEC [39,40]. With silica-based 
monoliths, values up to 220,000 plates/meter have been reported for CEC [39]. This means 
that the efficiency of polymeric monoliths in CEC is higher than that of HPLC by a 
factor of 2—3. Monolithic capillaries have a great potential in CEC of biological polymers 
[30,41] (Fig. 7.3), which exhibit low diffusion coefficients and for which the mass- 
exchange term in packed columns or capillaries is significant. 
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Fig. 7.3. Electrochromatogram of acidic and basic polypeptides: 1. angiotensin II; 2. angiotensin I; 
3. [Sar', Ala®]-angiotensin I; 4. insulin. Column, porous styrene monolith with quaternary 
ammonium and octyl groups. Total length, 31 cm; effective length, 21 cm; 75 ym ID. Mobile phase, 
5 mM phosphate/50 mM NaCl, 25% acetonitrile (pH 3). Voltage, 5 kV. (Reproduced from Ref. 31 
with permission.) 


A discussion of the flow properties in monolithic beds, instructions for preparing 
various monolithic materials for CEC, as well as a history of this technique can be found in 
the comprehensive reviews by Svec ef al. [39,42,43]. A discussion of silica-based 
monoliths is presented in Ref. 44. Methods for controlling the porous properties of 
polymeric monoliths during polymerization by balancing the temperature, the concen- 
tration of the cross-linking monomer and the solvent components acting as micro- and 
macro-porogens are given in Refs. 31,42, and 44. In principle, a solvent mixture is used for 
dissolving the monomer solution, one solvent (A) being a good solvent for both, the 
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monomer and the polymeric reaction product. Solvent B is a much poorer solvent for the 
polymer formed, and causes the precipitation of the polymer when it has attained a certain 
chain length. Solvent B is called porogen, because the chain-length of the polymer formed, 
and consequently the porosity of the polymeric material depends on its concentration. 
Higher concentrations of the porogen yield materials with larger pores (and higher 
permeability) and vice versa. The selection of the type and concentration of the porogen is 
critical for controlling monolithic column porosity. Through-pores in monolithic materials 
usually have diameters between | and 3 tm and narrow mesopores between 10 and 25 nm 
[39]. At these dimensions, double-layer overlap cannot be expected to occur in the 
through-pores. The finding that in CEC with monoliths the EOF increases linearly with 
increasing pore size is most probably not related to double-layer overlap [42]. It seems to 
indicate that pore structure and flow resistance in the chromatographic bed also play a role 
in CEC — which in some way contradicts expectations from theory. Monolithic beds are 
chemically bound to the inner wall of the capillary. As they do not need frits at the outlet, 
some problems frequently associated with frits, e.g., bubble formation, are avoided. This is 
an advantage, because the preparation of frits by sintering packing materials — as it is often 
done with packed-particle beds — needs some practice. However, the reproducible 
production of monolithic-bed capillaries also requires experience, and there is a demand 
for commercially available materials. 


7.4 ELECTROKINETIC CHROMATOGRAPHY WITH PSEUDO-STATIONARY 
PHASES 


CEC with pseudo-phases can be regarded as being situated in-between chromatography 
and capillary electrophoresis. Whereas in MEKC and MEEKC the chromatographic 
origins can easily be recognized, CEC with low-molecular-weight additives is usually 
considered as a variant of classical CZE. Thus, many of the definitions and concepts 
commonly used in CZE are basic to the discussion of migration and efficiency in CEC with 
pseudo-phases. 


7.4.1 Micelles and micro-emulsions 


Instead of anchoring the stationary phase in the system, substances can be added to the 
BGE to form a stable suspension of micelles or micro-droplets. Sodium dodecylsulfate 
(SDS) was introduced as such a pseudo-stationary phase by Terabe [45], who invented 
the very popular technique of MEKC. Other micelle-forming compounds, either anionic or 
cationic, have been used as well. These pseudo-stationary phases consist of a lipophilic 
chain and an ionic end-group. The chain can be, e.g., an alkyl group (octyl, decyl, and 
dodecyl are the most common), combined with, e.g., the anionic sulfate, carboxylate, or 
cholate or the cationic tetraalkylammonium group. Low-molecular-weight surfactants 
have a critical micellar concentration above which micelles are formed. Others, like 
polymeric surfactants (so-called micelle polymers) always form a kind of micelle, even in 
mixed aqueous/organic solvents with a high content of organic solvent, due to their 
covalently stabilized structure. 
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Watarai [46] used stable oil-in-water emulsions as electrokinetic separation 
systems [47]. Typically, a micro-emulsion consists of (a) a lipophilic organic solvent; 
(b) the additive that imparts a charge to the micro-droplets; (c) a so-called co-surfactant (a 
more hydrophilic organic solvent), added in order to decrease the surface tension between 
the micro-droplets and the bulk aqueous phase; and (d) the aqueous phase, which is a buffer 
having a certain pH, ionic strength, or salinity. Various anionic or cationic detergents are 
applied as surfactants; the droplet-forming organic solvents are alkanes, ethers, ketones, 
esters, or long-chain alcohols; short-chain alcohols are used as co-surfactants. 

Pseudo-stationary phases have several practical advantages: they are replaceable and 
can be removed and renewed after each run, thus producing a new column for each 
analysis. The capillary can be rinsed after each run with aggressive chemicals in order to 
remove impurities and to re-establish EOF reproducibly without damaging the 
chromatographic column. The system also obviates the problems associated with frits, 
used to retain particulate stationary-phase materials in the capillary. 


7.4.1.1 Migration 


The mobility of the analytes is in accordance with Eqn. 7.6, where rie is the EOF 
mobility in case of a neutral analyte, and it consists of both, p;” Re plus u2?", in case of 
electrically charged analytes (see Eqn. 7.8). Due to their charge, the particles of the 
pseudo-stationary phase have their own mobility, Hee Under the assumption that the 
electrophoretic mobility, pee of a relatively large micelle or droplet is the same, whether 
the analyte is dissolved in it or not, fim will be identical with the apparent mobility of the 


pseudophase, 2? = po! + w2F, Eqn. 7.6 will then read 
app 1 eph k; eph 
wir a (a + wl) + (ua + 2) cp 


The retention factor can then be expressed by 


eph EOF _ ,,4pp 
ote Bj (7.21) 


k= eph EOF 
Mps ~ M 
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A neutral analyte (”" = 0) with k; = 0 has the mobility of the EOF marker; a compound 
with infinitely large k; is eluted with the mobility of the pseudo-stationary phase. The 
corresponding migration times confine the operational window in the MEK chromato- 
gram. For charged analytes the situation is more versatile, as implied by Eqn. 7.21. 
Decisive for the migration order are the sign of the charge and the magnitude of the 
electrophoretic mobility of the analyte, the pseudo-stationary phase, and the EOF. 
Analytes can, in principle, migrate ahead of the EOF marker, even when they are 
partitioning into the micelle. This could happen, e.g., in a system with an EOF directed 
towards the cathode (positive w“?"), negatively charged pseudo-phases, and weakly 
retained cationic analytes having a high electrophoretic mobility of their own. One could 
expect also peaks with retention times longer than that of the micelle marker, e.g., in 
the system just mentioned, with anionic analytes that have a high electrophoretic mobility 
and are weakly partitioning into the pseudo-stationary phase. 
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7.4.1.2 Peak dispersion 


MEKC has proved to be a very efficient electrophoretic method. Plate numbers up to 
several hundred thousand have been achieved, and this is in many instances better than 
(or at least equivalent to) classical CZE. Separation efficiency in systems with pseudo- 
stationary phases is usually described by the plate-height model, as applied to 
chromatography and CZE. Longitudinal diffusion is always present, as in elution 
chromatography and in CZE. It is relevant also in the presence of pseudo-stationary 
phases. The contributions in CZE due to Joule heating and wall adsorption can be 
significant in EC systems with pseudo-stationary phases as well. The kinetics of mass 
transfer between the two phases must also be considered as in chromatographic systems. 
Some contributions are specific for the EC systems, e.g., those stemming from the 
polydispersivity of the micelles or from micellar overload. The particular effects are, 
briefly: 

(a) Joule heating-related dispersion. In principle, the contribution of Joule heating is 
generally encountered in electroseparation techniques (in CZE as in CEC with stationary 
or pseudo-stationary phases) in the effect of temperature on mobility, solvent viscosity, 
and secondary equilibria, e.g., in the extent of partitioning into the pseudo-phase. The 
radial temperature gradient causes a radial velocity gradient in the capillary and a radial 
dependence of the retention factor, k;. It is still not clear whether or not thermal peak 
broadening plays a significant role in the context of MEKC [48]. In MEKC there are still a 
number of specific processes that influence peak-broadening, in addition to those 
described earlier, and some contributions need to be treated differently compared to 
classical CZE. 

(b) Longitudinal diffusion. For MEKC, the classical chromatographic and CZE 
term Agige = 2p” /v), should be modified. It is obvious that in the mobile phase (the 
electrolyte solution) the zone diffuses proportional to the free-solution diffusion 
coefficient, py , weighted by the analyte fraction, a =1/(1+4,), present in this 
phase. Accordingly, micelle diffusion is governed by the micelle diffusion coefficient, 
Dips), weighted by the fraction in the pseudo-stationary phase (in classical chromatog- 
raphy diffusion in the stationary phase is neglected). The total diffusion coefficient, D;, is 
then expressed by a relation analogous to that given for the mobility (Eqn. 7.6) [49,50] 


D, = xD + x D¥ (7.22) 


Note that both, mobility and diffusion coefficient, are parameters describing the extent of 
mass transport across gradients — that of the electric and the chemical potential, 
respectively. For polymeric pseudophases the dependence of the overall diffusion 
coefficient on the extent of partitioning has, in fact, been demonstrated [51]. 

(c) Micellar overload. A contribution specific for MEKC is due to micellar overload, 
which could occur when the analyte concentration is too high relative to the micelle 
concentration [52]. Such an effect can be assumed from the observation that higher plate 
numbers are often obtained upon reduction of the analyte concentration. Highly skewed 
peaks of neutral analytes can result from non-linear chromatographic partitioning [52] and 
not from electromigrative dispersion in the mobile phase, as observed for ionic analytes. 
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However, both effects result from the fact that the underlying parameters (partition 
coefficient or mobility and diffusion coefficient, respectively) are not constant and that the 
respective differential equations to be solved for the mass balance equations are not linear. 

(d) Kinetics of mass transfer. The resistance to diffusion across the micelle or micro- 
emulsion/electrolyte interface as well as the mass transport between the micelles 
can be relevant. As the analyte must diffuse only over the short distances between the 
micelles, the minor significance of peak broadening caused by this effect has been 
demonstrated [49,54]. Considering the kinetics of adsorption/desorption processes, 
contributions to the plate-height are found in certain cases when solid stationary phases 
are involved and, particularly, when steric hindrance results in high free energies of the 
transition state. Such analogous contributions are expected to be less pronounced in liquid 
partition systems, as there are less steric constraints. 

(e) Polydispersity of the micelles [53]. 

(f) Wall-adsorption-related dispersion. Peak dispersion based on wall adsorption is 
frequently underestimated. An increasing loss of plate numbers after repetitive injections 
could be an indication of adsorption. However, initial efficiency can often be re- 
established upon rinsing the capillary under conditions where the adsorbed contaminants 
are removed. Interestingly, the contribution of wall adsorption can be unexpectedly great, 
compared to CZE, despite the presence of a detergent. 

Although many of these effects are understood, there is still no unequivocal quantitative 
theory of the separation efficiency in electrokinetic methods with micelles. Somewhat 
contradictory experimental results concerning the influence of the particular processes on 
band dispersion have been reported by different authors — some of these results support 
theory, some contradict it. 


7.4.2 Soluble charged polymers and other additives 


In principle, it is not necessary for Phase (2) to form distinct entities like micelles or 
droplets. Thus, high-molecular-weight additives, like polymers or dendrimers, can also be 
used, as long as they form a stable suspension or solution in the BGE. Applications of such 
additives have recently been reviewed [55]. What is needed for separation — in addition to 
interaction with the analytes — is that at least one, either the analyte or the additive, possess 
a charge. The retention of an analyte can be described in the same manner as for 
micelles, when it can be assumed that the adduct formed between the analyte and the 
pseudo-stationary phase has the same mobility as the pseudo-phase alone. A deviation 
from this assumption, e.g., when small molecules are used as additive, will be 
discussed below. 

Polymeric solutions often have a higher macroscopic viscosity than micellar solutions 
or micro-emulsions. This can be a disadvantage in the handling of the BGE, e.g., in filling 
or rinsing the capillary. Interestingly, high macroscopic viscosity does not automatically 
cause low analyte mobility [56], because the macroscopic viscosity is a bulk-phase 
property, whereas the movement of a small analyte through the solution is affected on the 
molecular scale. Thus, it is the microscopic viscosity that determines the electrophoretic 
migration as well as the diffusion. As a consequence, Walden’s rule, which states that the 
product of mobility and (macroscopic) viscosity is constant, is not obeyed in polymer 
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solutions. In some highly viscous solutions, analytes can even exhibit a mobility which is 
about the same as in pure aqueous solutions with a viscosity one order of magnitude 
smaller [56]. 


7.4.3 Charged, small-molecular-mass additives 


In principle, the chain-length of a large polymer can be reduced to units with smaller 
and smaller number of repeats. Then the question arises from what size on can an additive 
be considered as a pseudo-stationary phase. It is a fact that even monomeric units of the 
polymer can implement retention [57]. Therefore, we can, in principle, treat the system 
consisting of a BGE with dissolved oligo- or monomers, at least formally, like other 
electrokinetic chromatography systems. The difference lies in the fact that the mobility, 
Mepc Of the analyte/additive adduct (which we will call a “complex” for simplicity) will 
not be the same as that of the monomeric additive. This is because analyte and additive can 
be of similar size and molecular mass. Thus, we have to modify Eqn. 7.21 to 
pet + phOF — uP? 


i 

(7.23) 
hh 
pyr? = Meoke = pEOF 


k= 


The term “complex” indicates that, in the case of low-molecular-size additives, the 
partition between the two “phases” is better described by a stoichiometric view of the 
interaction between the analyte, A, and the additive, C. This interaction (complexation) is 
then described by the (complexation) equilibrium 


aA+cC=A,C, (7.24) 

a and c being the stoichiometric numbers. The (complexation) equilibrium constant is 
[A,C;,] 

Ke =, ac (7.25) 
[A}*LC]* 


For the simple case of a uni-univalent reaction (1:1 type complexation stoichiometry) the 
mobility of the analyte, expressed as a function of the additive concentration, reads 


1 eph , ke [C] eph 


app __ 
ies KP*[C] Mio 1+ K?X[C] Mepix 


BM; 


eT el (7.26) 


Note the similarity with Eqn. 7.6. Eqn. 7.26 is the well-known relation applied in CZE 
separations (Chap. 9), used in particular when dealing with the separation of enantiomers, 
where C is an enantiomerically pure chiral selector. Using charged selectors (which are 
frequently also employed in the separation of charged analytes), we face a true counter- 
current system, and the selectivity can be markedly increased via migration and/or EOF 
counterbalancing. The selectivity is influenced by the strength of interaction, expressed by 
the equilibrium constant of complexation, K‘?”, as well as by the concentration of the 
additive, and depends on the electrophoretic mobilities of the free and the complexed 
analytes as well as the EOF. The selectivity coefficient for two analytes (the ratio of their 
apparent mobilities), plotted vs. the additive concentration, [C], exhibits — in dependence 
on the numerical values of the individual mobilities and K’ — maximum values, may 
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pass through zero or may exhibit discontinuities when approaching infinity [58,59]. Such 
systems are powerful tools in achieving high separation selectivity. When modeling such 
dependencies, one should consider that with increasing concentrations of charged 
additives the ionic strength increases too, and K‘?™ is not longer constant [58,59]. 


7.5 ELECTRICALLY DRIVEN VS. PRESSURE-DRIVEN CHROMATOGRAPHY 


In comparing the over-all potential of EC with that of pd HPLC in capillaries, it is 
necessary to address some further parameters of practical relevance, as for instance aspects 
of method validation, implementing solvent gradients, and over-all sensitivity. 


7.5.1 Validation 


With respect to method validation one must consider, among others, the reproducibility 
of elution time and resolution, the reproducibility of sample application, and the range of a 
fairly linear detector response. Since EOF is a surface phenomenon, it is obvious that its 
magnitude strongly depends on the actual condition of the electrified surface. It is well 
known that surfaces are subject to undesirable modifications, e.g., due to the adsorption of 
sample or buffer constituents or contaminants. Certainly, in ekd systems these 
modifications have a negative influence on the reproducibility of elution time and 
resolution. With electrokinetic sample application, the reproducibility of the applied 
sample volume — which is very high in pd LC systems — may be significantly impaired 
and a systematic discrimination of charged and therefore electrophoretically migrating 
analytes may occur — as in CZE. Due to these factors, a considerably enhanced calibration 
effort is usually required in CEC. 


7.5.2 Gradient elution 


Gradients in mobile-phase composition can be produced in CEC by specialized 
technical equipment [60-62]. This is, however, not as straightforward and simple as in pd 
LC [63]. Upon changing the solvent composition in the column, the ¢ potential, relative 
permittivity, and viscosity will gradually change, yielding progressively different 
electro-osmotic flow velocities. The application of a step gradient — effected, e.g., by 
changing the “inlet” vial — will gradually change the EOF velocity in the column; to 
implement continuous gradients — as they are applied in pd LC — is quite difficult. 


7.5.3 Overall sensitivity 

In the absence of mobile-phase gradients, the maximum injection volume, Vj,;", just 
small enough to avoid a decrease in resolution is limited to values of approximately twice 
the volume standard deviation, o,, of the analyte peaks produced by the column. 
Assuming a reduced plate-height value, h, of 2 (the limit for pd systems), the V;," values 
are near 260 nL for a 300-m-ID capillary, 25 cm in length, (assuming a retention factor 
of 3), and ca. 30 nL and ca. 7 nL for 100-wm- and 50-y.m-ID capillaries, respectively. 
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Taking h values of as low as | for ekd systems, the corresponding V;,;" values for 
comparable column dimensions are calculated as ca. 180, ca. 20, and ca. 5 nL. The values 
for the 50-m capillary are comparable to the volumes usually injected into CZE systems 
without peak stacking. In these instances, EC faces analogous problems as CZE regarding 
the overall sensitivity of the method with respect to sample concentration and dynamic 
range of detection. 


7.5.4 Liquid/liquid partitioning 


Chromatography based on liquid/liquid partitioning equilibria (e.g., liquid/liquid 
chromatography, LLC) is beset by certain problems in the pd mode. LLC with liquid 
stationary phases coated onto a solid support suffers from problems of instability and lack of 
reproducibility. LLC without a solid support, performed as counter-current chromatog- 
raphy, is a technique requiring a substantial instrumental investment. In contrast, the 
corresponding CEC techniques, with the use of charged micelles (MEKC) or micro- 
emulsions (MEEKC), are very reproducible, easily performed, and widely applicable. 


7.6 CONCLUSIONS 


Electrically driven chromatographic methods have been introduced as an useful 
alternative to pressure-driven methods, because they offer a number of advantages. In the 
CEC mode with stationary phases they are not restricted by the back-pressure of the 
column, and beds with much smaller particles or enhanced length can be utilized. This, 
together with the favorable geometric properties of the EOF, produces lower plate-heights 
and affords significantly larger plate-numbers and thus better separation efficiencies than 
pd methods. One must keep in mind that the EOF is a surface phenomenon, suffering some 
restrictions in practice. Unpredictable changes in surface properties can occur, e.g., due to 
adsorption of sample or buffer constituents. This results in lower reproducibility of the 
flow than in pd chromatography. Moreover, due to the limited charge density of the 
surface, EOF velocities remain quite low and increase the analysis time. EC with pseudo- 
stationary phases have the great advantage that the column can be exhaustively cleaned 
after each run, and, as the phases are replaceable, the entire column can be renewed for 
each analysis. 

Although the high plate numbers were doubtless the main motivation for the 
implementation of CEC, the achieved selectivity deserves some discussion. When dealing 
with charged analytes, two types of selective mechanisms are operative in CEC. One 
source of selectivity is the difference in electrophoretic mobilities, the second one is the 
chromatographic selectivity resulting from differences in partition coefficients. These two 
sources of selectivity can be synergistic or antagonistic, depending on the analyte 
structure, mobile-phase composition, and type of stationary or pseudo-stationary phase. In 
such systems the non-selective movement of the EOF, when migrating opposite to the 
analytes permits — at least in principle — very high selectivity values to be obtained by 
migration balancing. CEC with solid stationary phases and pseudo-phases combine 
features of chromatography and electrophoresis. It allows one — depending on the 
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particular problem — to benefit, in part, from the great potential and advantages of 
both methods. 
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8.1 INTRODUCTION 


Gas chromatography (GC), which is now 50 years old [1], provides separation and 
quantitative analysis for volatile, thermally stable compounds in a broad variety of 
mixtures, from the simplest (e.g., purity tests of individual compounds) to the most 
complex (e.g., petrochemical assays of samples comprising hundreds of individual 
components). For the analysis of complex samples, no other physical method offers both 
the broad analysis of total sample and the specific information on individual components 
of the sample as is produced by GC. This is a direct consequence of the resolving power of 
long, narrow-bore (capillary) columns, coated with a thin film of stationary phase, which 
maximize the ability to separate closely related chemical components. There has been 
little advance in extending the upper limit of GC; 350—425°C is normally accepted as the 
upper boundary (determined by stationary-phase stability). The lower temperature limit is 
often not of too much concern, but sub-ambient operation allows the most volatile analytes 
to be chromatographed. The mass range of GC may therefore be defined as being from 2 to 
ca. 1200-1500 Da of molar mass. 

The retention of a compound depends on both, its boiling point and the specific 
interactions with the stationary phase. The carrier gas, for the most part, merely serves to 
move the compound in the gas phase from the injector (inlet) to the detector (outlet). The 
primary property of the gas which affects the chromatographic result is its flow-rate and 
viscosity (which affects the magnitude of diffusion coefficients of solutes in the gas). The 
stationary phase is the primary determinant in retention and separation. It may be an 
uncoated porous material, as in gas/solid chromatography (GSC) or a polymer-coated 
support material, as in gas/liquid chromatography (GLC). The GLC mode is by far the 
most commonly used method. The stationary phase may be a solid-phase column packing, 
as in packed-column chromatography, or it may be a liquid, coating the inner wall of the 
column, as in the open-tubular (OT) or capillary (C) GC methods. The liquid phase must 
be heat-stable and nonvolatile; hence, cross-linked polymeric materials, chemically 
bonded to the capillary column wall, are favored. Phase selectivity is a measure of how 
well the phase differentiates between different compounds and, hence, how well the 
compounds will be separated. The column performance measures its efficiency (i.e., the 
narrowness of peaks). 

In the low-efficiency, packed columns, phase selectivity is important in providing 
separation. It is common to classify phases according to polarity. This is a derived 
measure, based on how the phase alters the relative peak positions (retention). To a first 
approximation, a greater degree of retention leads to the phase being classified as more 
polar. The shift towards capillary GC, with its increased efficiency (narrow peaks), has 
made phase selectivity a less important parameter. That is fortunate, because the limitation 
of achieving good, thermally stable coatings on glass (fused silica) walls means that there 
are fewer phase choices for open-tubular (OT) than for packed columns. Specialty phases, 
such as those composed of enantioselective additives, or liquid crystal phases, provide 
specific interaction mechanisms for specific separation goals. 

Sample introduction procedures have undergone a renaissance over the past few years, 
although it may remain the Achilles heal of some methods. Detection methods have not 
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changed greatly in the past 15 years, although re-engineering of some detectors to allow 
faster detection signal response is now gaining pace, and this will support work in faster 
GC separation. Given the importance of GC/MS (Chap. 10) to routine analytical 
laboratories, the dominant position of, especially, quadrupole MS detection technology 
must be acknowledged. The sophistication of on-line library-searching identification, with 
quantification capabilities has given considerable power to the analysis of volatile 
samples. The technology of time-of-flight mass spectrometry (TOF-MS) has gone from 
being the first mass spectrometry technique, to oblivion, and is now back in vogue. The 
GC technique today is mature, reproducible and reliable — primarily due to active control 
enabled by microprocessors and sophisticated flow control — and provides the analyst with 
confidence in the identification and quantification of compounds in mixtures. The 
automated gas chromatograph delivers much greater retention reproducibility than manual 
control. Fully automated operation and reporting, with an array of supporting sample- 
handling options, and additional method variations that offer specific enhanced analysis 
capabilities are available. However, within this zone of sophisticated analytical 
performance, there are still some areas where new developments provide improved 
operation and performance. 


8.2 BASIC OPERATING VARIABLES 


8.2.1 Column 


Packed columns range in size from capillary dimensions to preparative columns, 
having inner dimensions of centimeter proportions. The conventional analytical packed 
column is usually of dimensions 1/8 or 1/16 in. (1-3 mm) ID, packed with support 
particles of 60-230 mesh [0.1 to 0.4mm particle diameter (dp)]; the phase loading is 
given in Y%omass/mass (e.g., 5% mass); the film thickness is not usually quoted, since the 
specific area is not commonly reported. Packed columns are usually less than 5 m long. 
OTGC can only be performed in microcolumn (capillary) dimensions, otherwise diffusion 
to the wall will be too slow. The C term of the van Deemter equation (Chap. 1) indicates 
that insufficient gas-to-liquid mass transfer will take place, and this will significantly 
reduce column efficiency. The upper limit for the ID of capillary columns is ca. | mm. In 
practice, mega-bore columns of 0.53 mm are the widest offered by manufacturers, 
0.1-0.33 mm ID being the most common. Capillary columns may be packed also, but 
these are not commonly used. Open-tubular capillaries are available in two formats — 
wall-coated (WCOT) or porous layer (PLOT). The capillary-array (multi-capillary) 
column is comprised of an array of hundreds (919) of 40-mm-ID capillaries, with a total 
length of only 1-2 m. It is intended to permit fast analysis on very-narrow-bore columns 
with reasonably high sample capacity [2]. This approach has not been widely adopted by 
chemists. 

The above details are summarized in Table 8.1 [3]. The phase ratio (8) is the volume of 
mobile to stationary phases in the column, which is also the cross-sectional area ratio of 
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TABLE 8.1 


PROPERTIES OF VARIOUS GC COLUMN TYPES 


Column type Typical dimensions Phase ratio H,,;, fons Permeability 


Length (m) ID (mm) 


Packed 1-5 1-3 4-200 0.5-2 5-15 1-50 
Micro-packed 1-5 <i 50-200 0.02-1 5-10 1-100 
Packed capillary 1-5 <0.5 10-300 0.05-—2 5-25 5-50 
SCOT 10-50 0.2-0.5 20-300 0.5-1 10-100 200-1000 
WCOT 10-50 0.2-0.5 15-500 0.03-0.8 10-100 300—20000 
Megabore 10-30 = 0.54 20-300 0.1-2 10-100 200-1000 
Microbore 5-20 0.05-0.15 50-700 0.01-0.4 10-100 200-1000 
Capillary array 1-2 0.04 50 2.0 10-100 200-1000 


Reprinted, in part, from Ref. 3 with permission. 


the phases. This is given for thin-film-phase OT columns by the simplified equation 
B = r/2d, (8.1) 


where r = radius; dy = stationary-phase film-thickness. 

There are a number of aspects differentiating packed and capillary GC columns. 
Whereas the back-pressure in packed columns prohibits lengths in excess of 5—10 m, the 
ease of carrier-flow (permeability) in capillary columns allows much longer columns to be 
used. Their similar plate heights (H,,;.; Table 8.1) confers significantly greater efficiency 
to the capillary column. Thus, components with a similar separation factor (a) will be 
better resolved in the capillary column, while packed columns must rely on phase 
selectivity to provide resolution in some instances. Smaller stationary-phase (thin-film) 
loading in capillary columns will reduce the sample capacity (loadability) so that, to 
prevent overloading, lower concentrations or smaller volumes of samples must be injected 
to maintain linear chromatographic conditions. Packed columns can, in many cases, 
accommodate high-concentration solvent injections. Thus, a 10%-w/w load of stationary 
phase in a packed column of a total 4-g mass means 0.4 g of stationary phase, whereas a 
10-m capillary column having 0.25 mm ID and a film thickness of 0.5 zm will have a total 
mass of ca. 0.01 g phase. While this is distributed over the total length of column, it is the 
local phase volume or amount that is important in deciding whether overloading will arise. 
The capillary column will have an even lower proportion of phase in a given separation 
element of the column. To maintain K (distribution constant = C,/C,,; where C, and C,, 
are solute concentrations in the stationary and mobile phases, respectively) in the linear 
region, the ratio of solute concentrations in each phase must be in equilibrium and equal to 
K, as the amount of total solute injected is altered. This means that the retention time (fp) 
of the solute will also be constant, since K oc k and constant k means constant tp. If there is 
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less stationary phase, the maximum amount of sample injected must be reduced. Since the 
gas phase has a limited ability to accommodate increased amounts of solute, excess 
amounts will cause the concentration residing in the stationary phase to be increased such 
that K is no longer constant; K increases, k increases, and the zone maximum increases, 
along with the peak becoming increasingly asymmetric. This is commonly seen in 
capillary column chromatography, especially where a sample has a (few) major compo- 
nent(s), as triangular-shaped peaks with a broad leading edge and sharp return to baseline. 


8.2.2 Carrier gas 


The carrier gas was earlier stated to be a passive participant in the separation process. 
This is certainly true with respect to the mechanism of interaction between the solute and 
the stationary phase — the gas is merely a medium in which the solute vapor resides. 
However, when we refer to separation in respect of resolution of components, and hence 
the band-width of a solute (Chap. 1), then the efficiency of the column must be an active 
part of the resolution consideration. Once the column geometry (dimensions, film 
thickness) has been decided — and the column placed in the chromatograph — the 
efficiency is very much affected by carrier gas properties. While this largely arises from its 
flow velocity through the column, it is a result of the diffusion coefficient of solute in the 
carrier gas, and it has two distinct and seemingly opposite effects when one considers the 
microscopic forces that act on a solute molecule in the column. These may also 
be interpreted through the terms of the van Deemter equation: 

(a) Longitudinal diffusion. Molecules in a gas will have a tendency to spread apart in 
that phase. This follows the Einstein—Stokes diffusion expression. Thus, a higher diffusion 
coefficient in the gas phase (Dy, promoted by either lower solute molar mass or its higher 
volatility, and a lower gas viscosity) will cause more spreading and so broader peaks. A 
zero carrier gas flow will still cause this longitudinal broadening — spreading along the 
column. A higher carrier flow-rate will cause the solute to reach the end of the column 
faster, so that there will be less broadening from this effect. Thus, high flow minimizes the 
relative contribution of longitudinal broadening. This gives rise to the van Deemter B 
term. 

(b) Mass transfer. In order to achieve separation and retention, a solute must interact 
with the stationary phase. The solute in the gas phase therefore must reach the stationary 
phase. We wish to have rapid, and many, equilibration events with the stationary phase. 
This is enhanced by having a high diffusion coefficient. In this case a high Dy will give a 
better, more efficient result. We refer to this effect as a resistance to mass transfer. It is 
hoped that rapid equilibration occurs at the gas/liquid phase interface and that the solute 
stationary-phase profile along the column reflects (i.e., is proportional to) that of the solute 
in the gas phase at all points. If the solute lags in the stationary phase, then this will delay 
the solute re-emerging from the stationary phase, and this will exacerbate the temporal 
difference between the gas- and stationary-phase solute distribution. Mass-transfer effects 
reside in the van Deemter C term. 

(c) Overall effect. Since both of the above effects are apparently opposite, a high 
diffusion coefficient will favor mass transfer, but disadvantage longitudinal diffusion. This 
is an apparent dichotomy, and results in the familiar van Deemter curve, where the 
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Fig. 8.1. Van Deemter curves for three different carrier gases: N», He, and Hp. 


minimum represents the optimum flow rate, i,,,. Comparative curves for the three gases 
are sketched in Fig. 8.1. It is clear that this minimum occurs at lower flow-rates for the gas 
which has a lower diffusion coefficient (nitrogen), but at the same time, a solute with lower 
diffusivity should have a lower optimum flow-rate. Another consequence of this is that the 
lighter gas — Ho, having a flatter curve, should be a better choice at high flow-rates, since 
there is less loss of efficiency; its lower C term is responsible for this. At high-flow 
operation, which may be useful for routine analysis, hydrogen will produce more plates 
per unit time of analysis. In the van Deemter equation, B causes longitudinal spreading, 
while C causes migration to and across the phase boundary. The solute must travel to the 
phase if separation is to occur, and this happens more effectively if narrow-bore columns 
are used; hence they provide greater efficiency. 

The above discussion on gas viscosity needs to be considered along with the effect of 
pressure on viscosity. The more viscous gas will produce a higher inlet pressure for a given 
flow-rate. Again, H, will have the highest flow-rate for a given temperature, 7, and 
pressure, P. This can be seen from the general expression for viscosity, n, where n = 
aT + b. For Ho, No, and He, the terms are: a = 0.183, b = 83.99; a = 0.384, b = 167.4; 
a = 0.399, b = 186.6, respectively. The practical effect of this is also reflected in the 
change in carrier flow during temperature-programmed operation. The carrier gas 
becomes more viscous as temperature increases, so an unretained solute will have a longer 
retention time at higher oven temperature with the same inlet pressure. Instruments often 
offer a correction for this effect by allowing constant-flow operation by suitable pressure 
adjustment during a temperature program. This is considerably aided by electronic 
pressure control. Also, since best performance is achieved with hydrogen (especially less 
loss of efficiency at higher flow-rates), Hz is much more widely used in capillary GC than 
in packed-column GC. Carrier-gas leak detectors and low-cost H, generators have added 
to its acceptance as a carrier gas in capillary GC. 

In the above discussion, the focus is on the conventional gases used for GC. It is 
important to acknowledge the work in the area of solvating GC (SGC), where gases 
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capable of adding a solvating mechanism to the GC separation are used. Very little routine 
work is conducted by SGC. Wu et al. [4] contrasted fast GC by packed-column SGC with 
ordinary OTC. CO, was used as carrier gas for SGC experiment on short (10- to 50-cm) 
capillaries of 0.25 mm ID, packed with 5-y.m particles. It was concluded that SGC shows 
advantages for fast separations of simple mixtures of low-retained compounds where 
retention factor and selectivity are important considerations. Otherwise, OTC is superior 
for achieving fast analysis. 


8.2.3 Stationary phase 


With a non-participating mobile phase, it is the stationary phase which is responsible 
for molecular separation. The solutes themselves bring molecular characteristics of boiling 
point and structural features to the consideration of retention. Separation therefore arises 
due to differences in solute vapor pressure and specific interactions between solute 
molecules and the stationary phase. The specific interactions may be classified broadly 
into dispersion and those interactions that depend upon polarity considerations, which may 
be considered as donor/acceptor, orientation, and induction. All molecules possess 
dispersion force interactions, and are molecular-size-dependent (and independent of 
temperature). Interactions arise from instantaneous atomic dipoles formed by electron 
motion, which interact with molecules in the stationary phase. 

(a) Donor/acceptor forces are considered to be electron-based (partial) transfer of 
electron density from one molecule to another (e.g., a donor orbital of one molecule to a 
vacant orbital of another). The hydrogen bond is a specific example, as would be the 
interaction between a ligand-type molecule and a metal acceptor. 

(b) Orientation forces arise from the alignment of permanent dipoles in one molecule 
and another. If permanent dipoles are so aligned, they will contribute to a molecular 
interaction (attraction) that increases the association energy between the molecule and the 
phase, and increases retention. As the temperature increases, this energy will become less 
strong as molecular motion becomes more chaotic or randomized. 

(c) Induction forces behave similarly with temperature, and arise from a similar effect. 
However, it is the ability of a permanent dipole on one molecule to induce a dipole on 
another that leads to an intermolecular attractive force. The other molecule must therefore 
be polarizable to allow an induced dipole to arise. 

The dispersion force is the most important primary force, since it is common to all 
molecules. It explains, e.g., why, as members of a class of compounds become larger, 
they are retained to a greater extent. This force must be the one explaining hydrocarbon 
retention behavior, and so we observe that the retention is correlated well with the 
boiling point of these molecules. Superimposed on the dispersion force-related retention 
effect are the effects of the other forces. If two molecules of different chemical class 
(polarity) have a similar boiling point, then their separation depends primarily on (the 
magnitude of) the specific interactions between the molecules and the stationary phase. 
Dipole moments, polarizabilities, induction effects, etc., come into play. We normally do 
not differentiate between such interactions and broadly classify them as “polarity”, 
expecting that a more polar molecule will have stronger interactive forces with a 
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stationary phase. This aids a general interpretation of relative retention. However, we 
cannot state that a more polar molecule has greater retention than a less polar molecule, 
because their relative dispersive forces must still be considered. Hence, a nonpolar 
molecule of higher molecular mass will most likely be eluted later than a polar molecule 
of lower molecular mass (e.g., methanol is eluted before decane on both polar and 
nonpolar phases). If more polar phases are used, the polar solutes will progressively be 
retained more strongly than nonpolar solutes. 

The above interactions are by no means the only ones that provide altered selectivity 
for various molecular separations. Here, selectivity refers to the ability of the phase to 
provide a mechanism for separating two particular solutes. Thus, if two molecules prove 
difficult to resolve with phases of varying polarity, just based on the above interactions, it 
will be necessary to try a different mechanism, based on different additives or molecular 
geometries in the stationary phase. Perhaps the most important of these classes is that 
provided by host/guest interactions within the stationary phase, as in cyclodextrin (CD) 
derivatives in the stationary phase. There may still be dipole/dipole associations, for 
instance, but the unique selectivity provided by the additives is important. We can refer to 
these as general shape-—selectivity interactions, and hence, the phase can be used for 
molecular-geometry selectivity. One example of this is enantiomeric isomer separation. 
This has proven to be a very successful application of GC to, e.g., essential oil 
components. The selective CD phase provides sufficiently different interaction energies 
to provide some degree of separation between the two enantiomers. Liquid-crystal 
phases, similarly, provide an alternative mechanism, where the shape of a 
molecule determines the extent of interaction, such as whether the molecule is planar 
or nonaxial. 

Temperature limits range from the lowest temperature at which the stationary phase 
remains fluid, to the upper limit where thermal degradation of the phase starts. The upper 
limit is usually determined by the phenomenon of “bleed”, where polymer phase 
components are released from the phase, often leading to an increase in the detector 
baseline towards the end of a temperature-programmed analysis. Some degree of bleed is 
acceptable (or unavoidable), but excessive bleed reduces column lifetime and stability. 
Cross-linked chemically bonded phases on capillary columns are favored, because of 
improved thermal stability. However, “thermal cracking” of the ends of polymer chains in 
the phase will still occur at some (high) temperature. Common bleed components are small 
cyclic siloxane molecules, which arise from the cyclization of polymer chain moieties, 
e.g., those referred to as the D3, D4, or D5 components, consisting of 3, 4, or 5 siloxane 
units. This can be reduced, or the upper temperature limit increased, by reducing the 
polymer backbone flexibility, e.g., by insertion of a phenyl group within the polymer 
backbone [5]. The phases originally developed by SGE and given the designation BPX are 
based on a polysilphenylene polymer, and incorporate such a stabilizing unit. Phases of 
these types are popular, being more stable with less background bleed, for use, especially, 
in mass spectrometry, e.g., DB-Sms (J&W), and Rtx-Sms (Restek). 

The stationary phase must coat the support, e.g., the capillary wall, in a uniform, 
thin film. The process of capillary column manufacture can be simply summarized as 
follows: Column surface pre-treatment (e.g., acid washing); column surface preparation 
(e.g., treatment with an activating material); static coating of the surface with the 
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stationary phase, which may contain additives to promote cross-linking, such as peroxides; 
thermal treatment to achieve reaction and bonding; rinsing; and finally, testing. The 
column is acceptable only when it passes a testing procedure, which usually covers aspects 
of phase activity (by chromatographing polar compounds to test tailing), resolution of test 
compounds, efficiency (a measure of phase uniformity), and peak asymmetry. Grob et al. 
[6] proposed a test that provided some measure of column phase quality, and most 
manufacturers base their testing on this. The net result should be a nonextractable (hence 
solvent-rinseable), thermally stable, uniformly coated phase. 


8.2.4 Phase types 


It is necessary to differentiate stationary phases for packed columns from those used in 
capillary columns. Packed columns have a wide range of polarities and, provided it can be 
dispersed on the support, any type of phase may be used, within the bounds of the 
temperature range. Only a few phase types are suitable for capillary columns, since it is 
necessary to use a polymer which can wet the surface and give a uniform coating. Early 
attempts at coating with polar phases were aided by roughening and modifying the glass 
surface with a mechanically stable support (e.g., carbon whiskers, salt particles). For 
special separation mechanisms afforded by adsorbents, the surface may be prepared with 
an appropriate adsorbent. Adsorbent-coated capillaries are still available, and de Zeeuw 
and Luong [5] have described coatings of molecular sieves, alumina, porous polymers, 
deposited carbon, silica, and multi-layer phases. Sternberg et al. [7] have used capillary 
and micropacked columns for space exploration. These included a micro-packed carbon 
molecular sieve (2m X 0.75 mm ID), a glassy carbon PLOT column (14 m X 0.18 mm 
ID) and a conventional cyanopropyl WCOT column (10 m X 0.18 mm ID). Ji et al. have 
reviewed the preparation and application of PLOT columns [8]. The most recent 
commercial phases are based on sol/gel processes [9]. 

In short, the primary characteristic of a phase is its polarity, or solvent strength. The 
solvent strength may be considered to be a measure of the stationary phase to interact with 
the solute, based on the previous interactions. Thus, it is the sum total of those interactions, 
each not readily measurable, that determines the polarity. The selectivity is the relative 
magnitude of specific interactions towards given solutes. These interactions are not 
readily quantifiable, but most practical decisions are made based on the basis of experience 
and rarely on considerations of primary interaction strengths. Since this implies a 
phenomenological approach to understanding phase properties, the approach of 
McReynolds constant, i.e., the use of a series of molecular probes to gauge the strength 
of the relative total interaction of a molecule and the phase, appears to provide at least a 
scale of relative phase interaction. While that method is not difficult to implement, it is 
only a rule-of-thumb of phase properties. It is very unlikely that for routine analysis and 
optimization a phase will be selected on the basis of basic measurements of specific 
interaction energies. It is, rather, on the basis of knowing that a series of phases have 
different overall bulk properties (such as shown by the McReynolds approach) and testing 
these by direct experimentation. Phase polarity is compared with polarity of a 
squalane phase, which is estimated by retention index calculations of a set of five 
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molecular probes — benzene, butanol, 2-pentanone, nitropropane, and pyridine. The 
summation of the difference in retention indices of these probes between the nonpolar 
squalene and the phase being tested is taken as a measure of phase polarity. The lowest- 
polarity polysiloxane phase is usually taken to be the 100% dimethylpolysiloxane. 
However, this phase has a McReynolds constant of about 170. A polar phase, such as 
polyethylene glycol has a McReynolds constant of about 2280. We call these ranges low 
and high polarity, respectively. Note that the Chrompack CPSil-2 CB phase has an 
additional, high-molar-mass hydrocarbon in its structure, which leads to a lower polarity 
that the 100% dimethylpolysiloxane phase. 

Table 8.2 is a representative compilation of phase types available from selected 
manufacturers. This table is not exhaustive, and recent company literature should be 
consulted for a more complete product range. In some instances, the phases are close to 
those indicated, or are claimed by the manufacturers to be equivalent to other phases in the 
indicated category. The chemical nature of the phases is not known in all cases. Some 
manufacturers have novel or modified phase types, such as Restek Rt-TCEP, including 
1,2,3-tris(2-cyanoethoxy)propane, Supelco PAG — poly(alkylene glycol), and SGE HT5/ 
HT8 carborane phases. Some phases are proprietary, with no information given, such as 
Supelco MDN-12. Some phases claim low bleed, suited for mass spectrometry, such as the 
Agilent DB-XLB (eXtra Low Bleed), and the Chrompack “Factor Four” VF series, for 
which a bleed is claimed that is only 1/4 of that of other comparable phases. Chiral 
columns contain various derivatives, and the chiral selector is mixed (usually at 30% w/w 
load) with a phenyl or cyanopropyl phenyl dimethylpolysiloxane phase prior to column 
coating. There are many additional column manufacturers, such as those specializing in 
chiral columns (e.g., Advanced Separation Technologies). The important observation here 
is that there are not many variations on the phase types that are used. Thus, to extend the 
polarity of the low-polarity 100% dimethylpolysiloxane, various levels of phenyl, 
cyanopropyl(phenyl), and trifluoropropyl groups are added to the base polymer, or the 
popular polar polyethyleneglycol phase may be used. The requirement is that the new 
phase type must still be suitably bonded/cross-linked to produce a stable phase coating. 
Increased polarity often corresponds to decreased phase or coating stability, and thus, the 
upper operating temperature will be reduced. The chiral phases serve the specific purpose 
of providing separation of enantiomers. Some compounds can be chromatographed on 
columns with low temperature limits (e.g., for volatile essential oil components), but 
others, which require much higher temperature, are less studied, because chiral phases 
tend to be poorly stable at high temperature. They often contain a chiral selector (e.g., a 
derivatized cyclodextrin) in a medium-polarity phase, such as 35% phenyl dimethyl 
polysiloxane or 14% cyanopropylphenyldimethylpolysiloxane. Being physically dis- 
persed, and not chemically bonded, these additives lead to lower temperature stability 
(upper limits of 240-—260°C). Other specific applications require other special columns, 
such as the BPX70 (70% cyanopropylphenyl) column for fatty acid methy] ester analysis, 
the terephthalic acid-treated polyethyleneglycol column for the analysis of volatile free 
acids, or the DB-1EVDA for drugs of abuse. Columns may also be promoted for use with 
specified EPA methods, in which case the column dimensions are more likely to be also 
specified as appropriate for that analysis. 


TABLE 8.2 


TYPICAL CAPILLARY GC PHASE TYPES 
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Phase chemical type Manufacturer 
Agilent” Alltech Chrompack Phenomenex Quadrex Restek SGE Supelco 
(J&W; HP) 
100% Dimethyl DB-1 HP-1 AT-1 CP-Sil-5 CB Zebron ZB-1 007-1 Rtx-1 BP1;sol SPB-1 
polysiloxane Gel-1ms 
5% Phenyl 95% DB-5 HP-5 AT-5 CP-Sil-8 CB ZB-5 007-5 Rtx-5 BP5 PTE-5 
dimethyl polysiloxane PTE-5QTM 
20% Phenyl 80% CP-Sil-13 CB Rtx-20 SPB-20 
dimethyl polysiloxane (14% phenyl) 
35% Phenyl 65% DB-35 AT-35 ZB-35 007-35 Rtx-35 SPB-35 
dimethyl polysiloxane MDN-35 
50% Phenyl 50% DB-17 CP-Sil-24 CB ZB-50 007-17 Rtx-50 SPB-2250 
dimethyl polysiloxane HP-50 + SPB-50 
65% Phenyl 35% 007-65HT = Rtx-65 
dimethyl polysiloxane 
6% Cyanopropyl] phenyl DB-624 AT-624 = CP-Sil-1301 CB ZB-624 007-624 Rtx-1301 BP624 OVI-G43 
94% dimethyl polysiloxane DB-1301 
14% Cyanopropyl phenyl] DB-1701 AT-1701 CP-Sil-19 CB ZB-1701 007-1701 — Rtx-1701 BP10 
86% dimethyl] polysiloxane 
50% Cyanopropyl phenyl DB-225 AT-225 — CP-Sil-43 CB 007-225 Rtx-225 BP225 
50% dimethyl polysiloxane HP-225 (25% cyano 


25% phenyl) 


(Continued on next page) 
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Phase chemical type Manufacturer 
Agilent* Alltech Chrompack Phenomenex Quadrex Restek SGE Supelco 
(J&W; HP) 
Polyethylene glycol DB-WAX  AT- CP-Sil-88 ZB-Wax 007-CW Rt-CW20M _ BP20; Nukol 
HP-20M WAX CP-WAX 52 CB BTR-CW SolGel-WAX Omegawax 
INNOWax 
Polyethylene glycol, DB-FFAP AT-1000 CP-WAX ZB-FFAP 007-FFAP BP21 
terephthalic acid treated HP-FFAP 58(FFAP) CB 
Cyclodextrin (of various Cyclodex-B CP-Chirasil- Rt-BDEXm _ Cydex-B a-Dex 120 
derivatizations) CycolSil-B Dex — CB Rt-BDEXcst B-Dex110 
usually coated in either HP-ChiralB CP-Cyclodextrin Rt-BDEXsa B-Dex 120 
a phenyl! dimethyl B-2,3,6-M-19 Rt-BDEXsm y-Dex 120 
polysiloxane Rt-BDEXse Dex-225 
or a 14% cyanopropyl Rt-BDEXsp Dex 325 
dimethyl polysiloxane 
5% (or 8%) Phenyl HT5 or HT8 
(equivalent) 
polysiloxane-carborane 
5% Phenyl (equivalent) DB-ms XTI-5 BPX5 
polysilphenylene-siloxane HP5ms 
35% Phenyl (equivalent) 007-11; Rtx-35 BPX35; 
polysilphenylene-siloxane 007-608 BPX50 
(50%) 


§ 4ajdpy) 


70% Cyanopropyl DB-23 AT- CP SIL 88 
(equivalent) (50% SILAR 
polysilphenylene-siloxane cyano) 

Biscyanopropy]l- 
cyanopropylphenyl 
polysiloxane 


50% Trifluoropropyl 50% DB-200 
dimethyl] polysiloxane (35%); 
DB-210 


007-23 
(78% 
cyano) 


007-210 


Rtx-2330 


Rtx-200 
(Yotfp NA) 


BPX70 


SPB-2330 
80%/20% 
SPB-2380 
90%/10% 


“ Both J&W and HP phases are now sold under the Agilent Technologies brand name. 
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8.3 ENHANCED AND FAST SEPARATIONS 


8.3.1 Coupled columns 


Stationary-phase selectivity (column selectivity) may be varied by use of a mixture of 
different stationary phases to provide an intermediate separation performance. This is 
readily achieved in packed-column chromatography, where the phases are simply 
dissolved in a suitable solvent, which is then mixed with the solid support. For capillary 
columns, preparing a mixed-phase coating is not so straightforward. Most manufacturers 
use a single polymer material to prepare the desired phase. Since there is a limited choice 
of capillary GC phases, the use of coupled capillary columns is a convenient way to 
achieve a mixed-phase selectivity. This certainly extends the range of apparent stationary 
phase polarity, but it is probably not a widely used strategy in routine laboratories. 
Jennings [10] relates that it was this type of study which led to the development of a new 
phase for specific applications in environmental analysis. The DB-1 phase and DB-1701 
phases did not quite give the desired result, and a window-diagram approach indicated that 
an intermediate phase would be better; that is how the DB-1301 phase was born, which is 
now quite popular. The window diagram is simply a plot of separation factors against 
volume percent of Phase B in a binary phase (AB), or against the length of Column B ina 
coupled-column (AB) system. The simple technique of coupling two columns has also 
been called multi-chromatography. Hinshaw [11] has discussed various aspects of multi- 
chromatography. It is not surprising perhaps, that the order of coupling the columns gives a 
slightly different performance. The choice of lengths is also part of method development, 
as this will result in different net contributions of the individual phase selectivities to the 
overall separation. One application that immediately comes to mind is the coupling of two 
different CD columns for a particular analysis, where one of the chiral selectors is suited to 
the separation of some enantiomeric compounds, and the other is better for other 
enantiomeric compounds. 


8.3.2 Pressure tuning 


The coupled-column technique may be elegantly modified to provide a flexible 
approach to continuously variable solute selectivity, within given bounds, again 
intermediate between that of the two joined columns. This is done by providing a 
variable pressure at the confluence of the columns. The variation in pressure will affect the 
flow through each of the columns, and this modified the contribution of each column to the 
total coupled-column separation. Indeed, for two closely eluted solutes exhibiting quite 
different retention factors on each column, it is possible to demonstrate a situation where 
the two solutes fully swap positions, just by varying the mid point (or tuning) pressure. The 
effect of an increase in midpoint pressure is to reduce the pressure drop across Column 1; 
its flow-rate decreases and therefore the retention of a solute on this column increases. 
Conversely the pressure drop across Column 2 increases; the flow-rate increases and, 
therefore, a solute will travel across Column 2 much faster. This will lead to a 
greater contribution of Column | to the overall separation. This procedure was proposed 
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Fig. 8.2. Diagram of a pressure-tuning experiment. Columns of different polarity are used with a 
midpoint gas supply. R, flow restrictor; DA, deactivated tubing; P;, injector pressure; P,,, midpoint 
(tuning) pressure; P,, outlet pressure (1 atm); FID, monitor detector 1; FID, analytical detector 2. 
(Reproduced from Ref. 19 with permission.) 


by Deans [12], and studied at some length by Sandra [13] and Hinshaw [11,14], and has 
been more recently re-introduced by Sacks’ group [15,16]. They used short coupled 
columns, electronic pressure control for accurate control of carrier flows, and new methods 
for interpreting and planning the pressure-tuned experiment. In more recent cases, stop- 
flow and modulated operation of the carrier gas during the analysis was employed [17,18]. 
Fig. 8.2 shows a schematic diagram of the pressure-tuning experiment. The mid-point 
pressure gauge allows the pressure at this point to be gauged, when no supplement of extra 
carrier is provided. The FID 1 permits the separation performance at the end of Column | 
to be compared with that achieved at the end of Column 2, allowing the effect of Column 2 
to be quantified. 


8.3.3 Multi-dimensional gas chromatography 


With an experimental set-up as in Fig. 8.2, an alternative mode of analysis, multi- 
dimensional gas chromatography (MDGC), can be devised, where again two columns are 
employed, but the object is now to allow only designated fractions to pass through the 
second column. Fig. 8.3 shows that an interface or valve permits solute to pass either 
from Column | to Column 2 or to Detector 1. The two columns may be housed in different 
ovens. This GC technique, also known (crudely) as “heart-cutting”, has been acknow- 
ledged as giving the highest possible resolution [20,21]. A portion of the first 
chromatogram that is too complex and inadequately resolved is selectively passed 
into a second column, containing a different phase, where that fraction is more fully 
analyzed. 

Giddings [22] and Schomburg [23] have contributed greatly to advances in this 
technique. Coupling of a packed column to a capillary column allows increased sample 
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applied detector detector 
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Fig. 8.3. Schematic setup for multi-dimensional gas chromatography. A second oven is optional, but 
may assist in system optimization. The stimulus is applied to the interface or valve (e.g., a Deans’ 
switch) to permit fractions of the effluent from Column | to pass into Column 2, where each fraction 
undergoes further fractionation. 


introduction without overloading the capillary column. Back-flushing allows introduction 
of a sample with a wide boiling-point range, when the solute of interest is a more volatile 
component. Once that component has passed the midpoint valve, the midpoint flow is 
altered so that a reverse flow is introduced into the pre-column to flush out the low- 
volatility components. Since the components may not have migrated very far into the 
column, it is relatively easy to flush them out of the column and out the injection vent. 
Thus, low-volatility components need not be chromatographed through the total column 
system. The back-flush/venting procedure allows lower temperature operation, saves time, 
and avoids elution at higher temperature, thus increasing column life. 

The primary fields of MDGC application are petroleum and essential oil analysis. For 
instance, for petroleum, the aromatic/aliphatic/cyclic aliphatic ratio may be a desired 
chemical characterization parameter of oil, and if these compound types can be measured 
as total classes, it simplifies the measurement and classification process. MS detection is 
widely employed, and so enhanced separation and identification are simultaneously 
achieved. Essential oil quality may be established by study of enantiomer ratios of 
various chiral compounds. If the enantiomeric excess (ee) of certain compounds in 
natural oil extracts is well known, the presence of adulterants (synthetic oils or cheaper 
oil substitutes, usually containing compounds of different ee) may be detected by MDGC 
with a chiral second column. Mondello et al. [24,25] used MDGC to estimate 
enantiomeric distributions in mandarin and bergamot oils, which enabled correlation of 
enantiomeric ratios with the technology of oil isolation, or the assessment of extraneous 
or contaminating oils in the products. The logical approach is to use an achiral pre- 
column and then to heart-cut the unresolved enantiomers of interest to the second, chiral 
column, where they are resolved. Fig. 8.4 represents a typical study of chiral compound 
analysis by using enantio-MDGC [26]. In this application the back-flush method was also 
used to clear the column of residual, higher-boiling material, once the target solute had 
been measured. 

Many reviews and books have been devoted to MDGC [27-29]. Some examples of the 
use of MDGC for high-resolution analysis include the study of tobacco components [30] 
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Fig. 8.4. Multi-dimensional gas chromatography of urinary compounds (A). The enantiomeric 
pyroglutamic acid is resolved on a chiral column (B) with MS detection. (Reproduced from Ref. 26 
with permission.) 


with 23 heart-cuts, each of ca. 1- to 3-min duration, separately eluted over 48 h, which 
revealed literally thousands of compounds, 308 of them identified and 80 found in tobacco 
for the first time. Wilkins’ group [31] employed multiple parallel cryo-traps to store 
selected heart-cuts for a pre-column petroleum GC analysis. Each cryo-trap was 
individually eluted and analyzed on a second column with both FTIR and MS detectors. 
The key to MDGC is the switching system, coupling the two columns. The pressure- 
balanced Deans’ switch [32] has been widely used, but other valves and on/off flow 
switches are also available. 
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8.3.4 Fast gas chromatography 


Cramers and Leclercq [33] described general strategies for optimizing the speed of 
separations in GC. Van Deursen and co-workers [34] suggested the following 
classification, based on peak-widths generated by the method: 

Fast GC = separation in the range of minutes; peak half-widths 1-3 sec 

Very fast GC = separation in the range of seconds; peak half-widths 30—200 msec 

Ultra-fast GC = separation in the range of sub-seconds; peak half-widths 5—30 msec. 

Although the use of short and narrow-bore columns was proposed early in the history of 
capillary GC, it was not until recently that interest in short columns — and hence fast 
analysis — was rekindled. Schutjes [35] presented studies on high-speed profiling of 
complex mixtures in narrow-bore (50-4m ID) columns in 1981. He separated 24 alkyl 
aromatics in 6 min and 13 hydrocarbons in 20 sec and reported fast profiling of TMS- 
derivatized acids and sugars in serum in 14 min. The key observation was that separation 
performance effectively equivalent to that of a conventional capillary GC column of the 
day (25 m, 0.32 mm ID, 0.5 wm df) could be achieved in a fraction of the time. 

Hinshaw [36] demonstrated various strategies for a faster GC analysis of a number of 
test mixtures: elevated isothermal temperature, increased temperature-program rates, 
shorter columns, and faster linear carrier-flow velocity. Analysis of a petroleum sample on 
a shorter, narrow-bore column showed that resolution performance equivalent to that of a 
longer column of conventional dimensions could be achieved in a shorter time. The 
process of using short, narrow-bore columns to speed up analysis has been adopted in an 
automated procedure called “method translation” or “retention-time locking”, and 
developed by Agilent Technologies [37]. (The program is available as free ware on the 
Agilent Technologies web home page.) It allows input of various parameters of an existing 
method (column dimensions, carrier-flow, and temperature) to generate a new set of 
conditions on a “fast” column, which should, to the first approximation, give a separation 
of equal quality. A calculation of the speed gain is also provided. Generally, 
chromatography on the narrow-bore column will require a faster temperature program 
rate to produce the same separation performance as the longer, wider-bore column. 
Additionally, a major advantage is that a method, once developed on one GC system, can 
be “translated” to another, with effectively the same result. Van Deursen and co-workers 
[38] presented approaches to fast GC, based on narrow-bore multi-capillary columns, 
operating under vacuum conditions with vacuum outlet [39] and fast column heating [40]. 
Bicchi et al. [41] also used shorter capillary columns with conventional inner diameter for 
the analysis of samples of medium complexity. Understandably, separating power will be 
sacrificed, but this may be a useful strategy for some analyses. Blumberg [42—45] has 
published a series of papers on fast GC, in which he considered the effects of the major 
column operating parameters (column efficiency, speed of analysis, gas flow-rate, and 
liquid-film thickness) on a theoretical basis. When there is a high pressure-drop across a 
capillary column (e.g., when a narrow-ID column is used), an extra term must be 
introduced into the van Deemter equation: 


B 
H==4+C +n (8.2) 
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This shows that the effect of flow rate (i) on column efficiency (H) is much greater than 
anticipated. The H vs. i plot is also much steeper for a longer capillary column, and this 
means that increasing the flow-rate to speed up an analysis will result in a greater loss of 
efficiency in a long column. This again suggests H> as a carrier-gas of choice. 

An important factor in the acceptance of fast GC by routine laboratories is the availa- 
bility of a range of columns with the required geometry. It is unlikely that a laboratory 
will introduce just one fast GC analysis to its range of analyses, and lack of chemical 
phases suitable for other applications may contribute to maintaining the status quo. 
However, there is every reason to believe that the trend to faster GC analysis will 
accelerate in the years ahead. Not surprisingly, fast GC demands both injection and 
detection techniques in keeping with rapid sample delivery and analysis of fast peaks. Less 
sample must be delivered to the column when narrow-bore columns are used (column 
loadability is reduced), hence, higher split ratios or more dilute solutions should be used. 
Peaks will be faster (narrower), and to maintain an acceptable number of data points per 
peak, the detection process may need to acquire data at a faster rate. Korytar et al. [46] 
have reviewed a range of practical routes towards fast GC analysis and presented a series 
of simulated chromatograms that were generated with various strategies. 


8.3.5 Comprehensive two-dimensional gas chromatography 


Comprehensive 2D GC (GC X GC) is a recently established mode that can be 
considered a (very) special case of MDGC. It requires a coupled-column system, with a 
column of conventional length in the first dimension (‘D), and a short, fast-elution column 
in the second dimension (7D). (In conventional MDGC two standard-length capillary 
columns are used.) Thus, in GC X GC we use concepts from both, Sec. 8.3.3 and Sec. 
8.3.4. The key to GC X GC is the use of a modulation mechanism that causes peaks eluted 
from Column | to be sliced into fractions, and each of these to be separately and 
sequentially injected into Column 2 (see below). Based on the two coupled columns, it 
achieves a two-column separation performance for all compounds in a chromatogram, as 
opposed to MDGC with heart-cutting, which only achieves a small increase in the overall 
separation process because it encompasses only a limited number of heart-cut fractions. It 
has been estimated statistically that the number of components which can be isolated in a 
GC separation is far less than the peak capacity (maximum number of resolvable 
components) of the column; a single column can achieve adequate separation when the 
number of peaks is no more than only 18% of the maximum capacity [47]. Giddings [48] 
recognized that a comprehensive GC experiment could have significantly greater 
separation power. In fact, it essentially multiplies the peak capacity of the first column 
by that of the second column, so that it can theoretically resolve thousands of separate 
compounds. For instance, if Column | has a peak capacity of 400 peaks and Column 2 has 
20, the capacity is 8000 peaks! Column 2 is deliberately stated here as having a capacity of 
20 peaks, since in GC X GC Column 2 is a short, fast-separation/elution column (e.g., with 
a retention time of ca. 3-6 sec) and therefore has limited separating power. 

Phillips and Beens [49] have reviewed the position of GC X GC up to 1999. At the time 
of writing this chapter, more than 110 papers have appeared on various aspects of 
GC xX GC, including theoretical treatments, technical details, such as modulator design, 
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and applications that demonstrate its use for complex sample analysis. Pursch et al. [50] 
reviewed the technical features of GC X GC, while Marriott and Shellie [51] reviewed 
application areas to which GC X GC has been applied. Fig. 8.5A is a generic schematic 
diagram of the GC X GC instrument, with the most important feature — the modulator — 
shown located between the two columns. A variety of devices are shown which are able to 
modulate the chromatographic peak as it emerges from Column 1, and pulse it in discrete 
packets to Column 2. The moving cryo-trap modulator developed by Marriott’s group [52] 
is shown in Fig. 8.5B. The modulators deliver the performance that allows the unique 
two-dimensional separation of a sample mixture to be generated. Lee et al. [53] reviewed a 
range of modulator designs in 2001, but since then a number of other modulators have 
appeared. The modulators are essentially based on a rotating heater slot, the longitudinally 
modulated cryogenic trapping, which leads to cryogenic jets, and a number of valve [54] 
and diaphragm [55] systems. These all have the effect of “decoupling” the separation on 
'D from the elution on *D. Thus, whatever separation performance has been achieved on 
the first column is retained, and the second column gives a completely independent 
chromatographic analysis. To achieve this, the sample introduction into 7D must be 
achieved in almost the same fashion as a normal injection, i.e., it must be fast, and have no 
inherent bias against any of the components in that injection zone. If the modulator 
“collects” sample for a given (short) time from the end of 'D, all the various compounds 
collected must be delivered to 7D, both instantaneously and as one homogeneous pulse. 
It is easy to see how valves can sample quickly and efficiently very small amounts of 
effluent from 'D into 7D, but they do not allow all sample to be delivered from 'D to 7D 
(this can only be done if the valve has a storage facility, such as a sample loop, and a back- 
flush operation pushes the collected effluent to °D). If sample is lost to waste during 
switching, not all sample is delivered to °D. The other modulators produce a “zone- 
compression” effect, and so concentrate the effluent into a discrete, sharp, narrow band 


Fig. 8.5. (a). Schematic diagram of the comprehensive two-dimensional gas chromatography 
method. 7D is a short (usually 1-m or shorter) column that gives very fast elution. (b). The 
longitudinally modulated cryogenic method, which incorporates a movable cryo-trap to trap then 
release solute traveling through a capillary column. 
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before rapid introduction (sometimes called re-injection) into *D. All this occurs in the 
capillary column, and it can therefore only be achieved by heating the solute in order to 
collect it into a leading zone, or by cooling it in order to effect trapping accumulation. The 
first of the cryogenic systems employed a movable trap that slides back and forth over less 
than a 3.5-cm length of capillary column. The solute in the effluent from 'D is trapped into 
a narrow (a few mm) zone, and when the trap moves away (upstream), this band rapidly 
pulses into 7D. 

More recently, a cryogenic jet system was shown to give a similar performance [56,57]. 
The rotating slotted heater, which also achieved the band compression and modulation 
required in GC X GC [58], has effectively been superseded by the other modulation 
methods. Since each 'D peak is pulsed into the second, fast-separation column, containing 
a different stationary phase, the aim is to “tune” or adjust experimental parameters such 
that unresolved solutes from the end of 'D are resolved on *D. The requirements of 
Giddings that comprehensive 2D chromatography should maintain the first-column 
separation means that modulation be fast and that the 7D chromatogram should be 
completed approximately within the time frame of the modulation time. Typical 
modulation times are between 2 and 10 sec. The cryo-trap procedure has been reported 
to offer the distinct mode of complete peak trapping with fast expulsion to the second 
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Fig. 8.6. Comprehensive two-dimensional gas chromatography of a polychlorinated biphenyl 
sample. Note that most PCB congeners are represented as individual, well-resolved contour spots. 
Modulation period, 3 sec; contour levels, 13, 20, 80, 120, 180, 220, 280 pA; base response, 10 pA. 
(Reproduced from P. Haglund, M. Harju, R. Ong and P. Marriott, J. Microcol. Sep. 13 (2001) 306 
with permission.) 
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column. Since it is possible to target specific analytes in this mode, it was called targeted 
multidimensional GC. Features of a typical GC X GC analysis include enhanced peak 
capacity, and hence increased resolution, signal improvement over a conventional GC 
analysis performed under the same conditions, and “structured retention”, which permits 
class separation of components of the sample [59]. These features clearly set GC x GC 
apart from conventional analysis. It is important that the two columns chosen for the 
GC xX GC experiment allow “orthogonal separation” of the sample constituents. For the 
most part, a non-polar first column acts to provide discrimination of sample components on 
the basis of boiling points, and then a more polar, second column allows specific polarity 
differences of the unresolved components from 'D to be exploited for their separation. The 
column phase chosen for 7D will depend upon the nature of the compounds in the sample. 
For instance, a phase with a high phenyl content is useful for separating compounds on the 
basis of their aromaticity, elution being generally in the order: alkanes, cyclic alkanes, 
olefines, monoaromatics, and diaromatics. Thus, a “structural map” of compounds arises in 
the 2D plot. Applications in forensics [60], pesticides analysis [61], and essential oil 
analysis [62] attest to the unique utility of the 2D plot for the identification of solutes, based 
on dual-column retention. The application to polychlorinated biphenyl compounds in 
Fig. 8.6 demonstrates the power of the 2D GC X GC separation for such an environmental 
analysis. Given the present activity in GC X GC, it is anticipated that this will continue to 
be a fruitful area for gas chromatographic research, and will be accepted for and applied to 
a wide applications base. 


8.4 SAMPLE INTRODUCTION 


An earlier review on sample injection by Sandra [63] has been superseded by the 
comprehensive review of Grob [64], which can be regarded as the definitive reference 
source on injection. The introduction of a sample into a GC column probably calls for 
more attention of the analyst than any other part of the technique. Sample may be 
introduced into the injector in gas, liquid, or solid form, each involving specific 
operational aspects. Direct injection into a packed column is rather straightforward, since 
the high-flow rate into the column and its large sample capacity make special maneuvers 
unnecessary. In contrast, capillary column injection may involve critical decisions by the 
analyst. The solid-sample introduction procedure is perhaps the least used. In one 
technique, a syringe is used with a small depression in the injection needle to 
accommodate a finite mass of solid material, which can be injected through the septum 
into the heated injection zone. In another procedure, a small glass vessel, containing a 
solid sample, is inserted into the injector and then smashed to allow its contents to escape 
into the carrier gas. The solid, e.g., a fiber filter on which solid particles have been 
collected, may also be inserted into a cool injector with programmable temperature 
operation to release volatiles from the sample (an arrangement available from the ATAS 
GL Company). These are merely three variants of solid-sample introduction, which 
imply that quantitative transfer of sample into the injector is achieved. 
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8.4.1 Split/splitless injection 


The pioneers of capillary GC (Golay and Desty) recognized very early that rapid 
introduction of sample into a capillary column was essential for preserving the high- 
performance capability (efficiency) of the capillary column. Ettre [65], recounting the 
early history of capillary GC injection, credits Desty with the development of the dynamic 
split procedure. Grob [64] gave an excellent account of the rationale of the use and of the 
basic principles of the split/splitless injection method, and discussed the strategies for 
improving recoveries. Since the total peak variance is a summation of contributions by the 
injector, column, and detector, any deficiencies arising from the injector become 
increasingly significant as column efficiency improves. Therefore, the ideal injector will 
minimize band-spreading or injection zone-spreading during sample introduction. Since 
the flow-rate in a capillary column is low (at most, a few mL/min) and the injection of 
pL-volumes of solution leads to many mL of vapor, it is not possible to have this much 
vapor enter the column fast enough to give a narrow solute band without some 
intervention. The first practical way to inject a sample in solution was the split injection 
method, in which a large split-vent is used to purge most of the injected solvent and its 
contents. In this way, vaporization occurs instantaneously and (a small amount of) sample 
enters the column. Practical split ratios (ratio of vent-flow to column-flow) of from 10:1 to 
200:1 are used, i.e., only ca. 10 to 0.5% of the sample enters the column. It is often 
assumed that the split ratio and/or the solvent fractional ratio between vent and column is 
equal to the solute split ratio. Fig. 8.7 is a schematic diagram of the typical split/splitless 
injector. Common features of the injector include the glass liner, pre-heated carrier-gas 
inlet, vent-flow line, and septum purge. While the split injection method has served the 
user well, and is still widely used, it suffers from the very fact that most of the sample 
never reaches the column, and sample loss is undesirable. Also, the very real problem of 
discrimination, where certain — usually higher-boiling — components suffer greater 
reduction in response than would be expected simply on the basis of the split ratio, has 
been acknowledged for some time [66]. Discrimination effects inherent in various 
methods of injection increase in the order: on-column < fast hot needle < slow hot 
needle < solvent-flushing fast cold needle < slow cold needle. 

The type of injector liner is believed to be critical. Some of the proposed modifications 
to injector liners include a glass-wool-packed liner, inverted-cup liner, cyclo-liner, and a 
liner with baffles or beads. Many of the strategies behind the use of different liners are 
related to the idea that a tortuous flow path and intimate mixing of sample and carrier gas 
will result in the most consistent and reproducible splitting of sample. Thus, inverted-cup 
arrangements and liners packed with glass-wool and similar material seem logical. 
Grob and Biedermann [67,68] have used a video of the injection process, with a glass 
injector construction, UV light, and a fluorescent dye (perylene) in the injected solution to 
permit tracing of the liquid flow during injection. It was seen that, contrary to expectations, 
solution could channel directly through glass wool, without the expected mixing and 
uniform vaporization. The conclusion was that an open injection liner is as effective as any 
of the above modifications and, in the case of sensitive samples, the reduction in active 
surfaces in the unpacked liner may be a real advantage. However, the glass-wool packing 
does keep some contaminants from reaching the column, and for this purpose the wool is 
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Fig. 8.7. Schematic diagrams of the split (a) and splitless (b) injection modes. (Reproduced with 
permission from SGE International.) 


best positioned at the tip of the needle. The injected volume should be sufficient to give a 
volume of vapor consistent with the inner volume of the liner. An excess of injected 
solution may back-flush against the carrier-gas supply, or be lost through the septum 
purge. If the needle is too short, sample may evaporate too high up in the liner, and again 
be lost through the upper part of the liner. 

The splitless injector method was introduced in order to overcome the problem of 
losing most of the sample out the vent. Fig. 8.7 illustrates the typical two-step injection 
process used in the splitless mode. If all (or most) of the sample can be injected, then the 
peak response will be maximized. This is important for routine trace analysis. The most 
critical consideration is that the analyte band must be introduced into the column in such 
a way that it does not spread or smear down the column in an excessively long band, and 
so certain steps must be taken to provide some degree of band focusing or trapping. 
Again, Grob studied this extensively, and provided the analyst with useful advice on 
implementing the splitless procedure. It may be summarized as follows: inject the sample 
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into a hot injector liner to allow sample evaporation; keep the injector vent closed during 
injection transfer of sample to the column; use an oven temperature at least 30°C below 
the boiling point of the sample solvent; open the vent at a specified time after sample 
injection, e.g., 45 sec to 1.5 min; use pressure pulsing to ensure that vapor does not back- 
flush up the inlet line. This may be explained as follows: Closing the vent retains the 
sample in the injector liner for the splitless period, and so having a higher concentration 
in the liner for a longer period ensures that more sample enters the column. After a given 
period, there is no extra benefit (i.e., no further increase in response) of analyte transfer 
to the column. The low oven temperature permits the solvent effect to be realized. 
Solvent may be considered to form a condensed phase along the inner walls of the 
capillary. This effectively increases the instantaneous film thickness (reduces phase 
ratio), and this causes analyte to be trapped or move slowly in this region (a small phase 
ratio increases retention or reduces band mobility). This effect is in addition to the fact 
that the less volatile analyte itself will not be amenable to elution at the low oven 
temperature. The opening of the vent effectively flushes away mainly residual solvent 
and a small amount of sample that is still in the injector after a minute or more. The long 
time taken by sample transfer in splitless injection contributes to band-broadening of the 
more volatile components of a sample, if they are not effectively trapped. Thus, early- 
eluted peaks may be broader than they should be, and later peaks will tend to be more 
acceptable. An undergraduate laboratory experiment has been described that demon- 
strates the comparison of split and splitless injection, and emphasizes the problems that 
may arise if the splitless mode is not performed correctly [69], such as not opening the 
split vent or not cooling the oven during splitless injection. This has been included in a 
popular text on analytical chemistry by Harris [70]. 


8.4.2 Cool on-column injection 


To address the concerns of discrimination and possible decomposition of thermally 
labile solutes into a high temperature split-splitless flash vaporization injector, the on- 
column capillary injector was developed as an alternative introduction method. The two 
primary features of on-column injection are the use of a fine needle and a method for 
sealing the injector about the needle as it is inserted into the column. The narrow needle 
is not robust enough for piercing the septum, used in conventional syringe injection. 
Some on-column injectors have a two-stage closure where the needle is pushed through 
a narrow channel which provides a seal about the needle, and then a second closure 
valve is opened to allow the needle to be introduced into the carrier-gas flow region. 
Other designs use a sealing procedure that permits the needle to gently push aside a 
ball-seal that normally prevents escape of carrier gas. The needle may be made of either 
fused silica or fine stainless steel. Once the needle is inside the column, the plunger is 
slowly depressed to permit a balance of vaporization of the solvent and its re- 
condensation inside the capillary to again achieve the solvent effect, to prevent the 
solvent and sample from spreading too far down the column during the injection step. 
This ensures narrow band formation. If flooding of solvent occurs, droplets of solvent 
may carry the analyte some distance down the capillary. Thus, the oven is held at a 
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Fig. 8.8. The solvent effect used in splitless and cool on-column injection to provide trapping and 
therefore zone focusing of analytes in a condensed solvent zone. (a). Initial process at time of 
injection. (b). Subsequent steps, illustrating the progressive evaporation of solvent and focusing of 
analyte. (Reproduced from Ref. 64 with permission.) 


temperature just below the boiling point of the solvent. Fig. 8.8 shows the proposed 
effect of solvent condensation, which may occur in both splitless and on-column 
injection. Once injection is complete, the solvent vaporizes out of the condensation 
region to leave the solute in the stationary phase at the start of the column, ready to 
commence the chromatographic process. On-column injection methods were shown to 
overcome the bias against higher-boiling analytes. This method was used for porphyrins, 
which had retention indices up to 5500 [71,72] and for such other high-temperature 
applications as triglyceride gas chromatography [73], where the low-volatility 
components require column temperatures up to 400°C. On-column injection into a 
wider-bore capillary column is feasible, with downstream coupling of the wide-bore 
column to a narrow-bore analytical column. 
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8.4.3 Programmed-temperature vaporizer and large-volume injection 


The programmed-temperature vaporizer (PTV) is an introduction procedure, invented 
20 years ago, which is intended to decouple the process of solvent introduction into the 
injection region and the subsequent solvent evaporation and sample vaporization steps 
[74]. The problems of discrimination inside a heated injector and other uncertainties 
involved in injection are potentially tractable by using PTV injection. The injector 
temperature can be programmed so that the various steps may be individually optimized or 
controlled. Provided the required injection volume can be fully dispensed into a cool 
injector in which all the sample is retained, the excess solvent may be expelled from the 
injector (e.g., through the split vent), as the temperature is increased. The vent is then 
closed, and the increased temperature of the PTV will cause the analyte to be vaporized 
into the column. Some residual solvent may also be introduced in order to focus the 
sample. The description of a PTV method will include the PTV injector-temperature 
profile, the oven-temperature profile, and the valve-switching steps that permit either 
venting of volatiles or transfer of the evaporated volatiles to the column. Fig. 8.9 illustrates 
the PTV process. 

This injection mode is very versatile, because it can also be used for the injection of 
large volumes of solution [75]. Volumes in excess of 100 wL may be injected, with a 
corresponding decrease in concentration sensitivity. If a normal splitless injection of 1 wL 
has a detection limit of 0.1 mg/L, a 100-jwL PTV injection of the same analyte would have 
a detection limit of 1 wg/L. The problem of filling the PTV injector with over 100 wL of 
solution prior to evaporation is solved by concurrent evaporation of solvent while the 
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Fig. 8.9. Programmed temperature vaporizer injection unit, with supplementary heating and rapid 
cooling. 
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sample solution is slowly introduced. This normally requires a carefully measured 
introduction rate at the prevailing temperature to ensure that solvent elimination matches 
the rate of solution introduction. Once the total volume has been introduced, the vent is 
shut and the temperature is increased to permit analyte vaporization into the column. 

Another large-volume injection procedure has been described, in which injection of the 
solution onto an uncoated pre-column permits some degree of solvent effect, but requires a 
short segment of retaining column to follow the pre-column. As sample solution travels 
into the retaining column, it is trapped by the stationary phase. Just after the retaining 
column and at its junction with the analytical column, there is a solvent vapor exit, which 
allows venting of the excess solvent before it reaches the analytical column. When almost 
all the solvent is vented and before any analyte is lost through the solvent vapor exit, the 
valve is closed to channel the analyte into the analytical column. The net effect is an 
increase in analyte response, which allows trace analysis. 


8.4.4 Headspace and solid-phase micro-extraction 


When the volatile headspace above a solid or liquid is sampled, it is expected that an 
unbiased sample of the headspace is collected and analyzed, i.e., no sample components 
are lost in the transfer lines, and sampling does not disturb the equilibrium between 
headspace and sample. The sample is transferred directly to the GC injector with a gas- 
tight syringe. Headspace sampling is primarily suited to volatile analytes, which may 
either arise from volatile molecules released from a solid or liquid matrix or they may be 
part of the sample, such as in the analysis of atmospheric organic species. For the latter, 
sample collection is often performed in the field by use of canisters, which are a 
convenient vehicle for transporting the sample to the laboratory for analysis. There, the 
canister is placed in the instrumental sampling system to permit a given volume to be 
introduced into the gas chromatograph. On-line sample processing may involve the 
removal of ozone and water vapor from the gas by scrubbing the sample prior to cryo- 
trapping. Headspace introduction is best conducted with a cryo-focusing step at the head 
of the column to create a narrow sample band. Often, for studies of very volatile 
components, the chromatograph will be operated at sub-ambient (e.g., — 50°C) 
temperature to achieve adequate retention and resolution of light hydrocarbons or 
permanent gases. 

The solid-phase micro-extraction (SPME) introduction method, developed by 
Pawliszyn [76], is a popular, convenient procedure for analyzing organic volatile and 
semi-volatile compounds, with direct transfer of the extracted solutes to a GC injector. 
It requires a small amount of sorptive phase, not unlike a stationary phase for GC, coated 
onto a fused-silica fiber, which is attached to a fine wire. The wire and fiber are retractable 
into a supporting needle so that they are protected during the insertion of the needle 
through a septum. There are now literally hundreds of applications [77] and theoretical 
studies based on the use of SPME for sampling. The process may involve the following 
steps: Clean and condition the fiber at high temperature in a flow of gas (e.g., by insertion 
in a GC injector port). Retract the fiber and put the needle into the sample, which most 
often is in a sealed vessel to permit headspace equilibration. Insert the needle through a 
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sampling septum and expose the fiber. Allow the analyte to be sorbed from the headspace 
for a given time. Retract the fiber into the needle. Transfer the needle to the GC injector 
and insert it through the GC septum. Push down the plunger to expose the fiber and desorb 
the analytes from the needle into the carrier gas. The fiber may be left in the injector until it 
is clean. Desorption should occur rapidly, and the injector may be used in split or splitless 
mode, depending on the amounts of analyte sorbed. 

While SPME may be used for both qualitative and quantitative analysis, the latter 
requires very careful handling and control, with appropriate calibration. Baltussen et al. 
[78] have shown that a magnetic stir-bar, coated with a polydimethylsiloxane phase, can 
perform similar sorptive extractions of analytes from headspace and from solution. Stir- 
bar sorptive extraction (SBSE), having a larger volume of polymer phase than a fiber, 
apparently recovers much more analyte in the sample extraction step. Both SPME and 
SBSE may be employed directly in aqueous solution for an efficient concentration of 
analytes onto the polymer. The stir-bar is more difficult to introduce into the GC injector 
than the SPME fiber, and it is more suited to placement into a PTV-type injector for 
thermal desorption of analytes. 


8.4.5 Coupling with liquid chromatography 


The objective of liquid chromatography prior to gas chromatography is to simplify 
sample mixtures. Coupled LC/GC can be automated by on-line introduction of the eluate 
from LC into the GC injector. Mol et al. [79] have reviewed the technical aspects of on- 
line sample enrichment and large-volume injection for the analysis of traces of pollutants 
in aqueous samples. The most effective procedure involves normal-phase LC, with eluents 
rich in organic solvents, suitable for GC injection. Normal-phase LC is also most useful for 
class separation of complex mixtures into fractions of different polarity. For example, a 
mineral oil may be fractionated into aromatics, cyclic alkanes, unsaturated alkanes, and 
saturated alkanes. Each of these can then be separately introduced into the gas 
chromatograph to permit specific classes of compounds to be individually analyzed. 
Davies and coworkers [80] reported the automated chemical-class characterization of 
kerosene and diesel oil by on-line coupled microbore HPLC/capillary GC. The whole 
aromatic fraction was back-flushed as a single peak from the LC column, after being 
separated from aliphatics. Beens and Tijssen [81] demonstrated the HPLC fractionation of 
a middle-range distillate for quantitative characterization of oil fractions in an on-line 
HPLC/HRGC system. A total of 7 different chemical-class fractions (saturates, mono- 
aromatics, naphthalenes, biphenyls + benzothiophenes, fluorenes, dibenzothiophenes, 
and tri-aromatics) were isolated and quantified by summing the total FID response area 
and using an average response factor for each class. Mondello et al. [82] analyzed 
bergamot oil on a silica column with a step-gradient elution program of pentane and 
diethyl ether to obtain four fractions (F1—F4), which were separately analyzed by GC to 
reveal the following compositions: Fl = mono- and sesquiterpenes; F2 = aliphatic 
aldehydes and esters; F3 = monoterpene aldehydes, sesquiterpene alcohols and some 
monoterpene alcohols; F4 = the remaining monoterpene alcohols. 
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8.5 DETECTION 


Several reviews [83-85] have covered the general principles of chromatographic 
detectors, but did not include more recent studies or newer detection methods. 


8.5.1 General principles 


The chromatographic detector provides means of “visualization” or recording of the 
chromatographic separation. Unlike thin-layer methods, where direct visual confirmation 
of a separation is possible, from the position and color of solute spots located on the TLC 
plate, it is not practical in GC methods to use direct visual monitoring of compounds 
emerging from a column. One exception would be to (carefully!) observe the flame color, 
produced by a flame-photometric detector, in order to confirm the presence of sulfur or 
phosphorus compounds entering the flame. The detector should respond quickly (on the 
time scale of compounds entering the detector), if the recorded signal is to faithfully 
represent the chromatographic peak distribution as it is eluted from the column. This is a 
matter of great importance, because we use the chromatographic peak profile to derive 
much information relating to the chromatographic process and performance of the 
chromatographic system, so that we rely completely on the integrity of the recorded peak. 
The variety of detectors available means that the analyst must consider the choice of 
appropriate detector for a particular application and take advantage of the extra 
information available from different detectors. Amirav [86] recently compared the role 
and application of GC detectors in a climate where mass spectrometry is becoming a more 
universally available and competitive detection tool. The detector is a chemical transducer 
that converts a given property of a compound into a measurable electrical signal. The 
chemical property may be its specific elemental composition (e.g., the presence of a 
halogen, as sensed by the electron-capture detector), or it may be related to the molecular 
composition and structure of a compound (e.g., producing a fingerprint mass spectrum in a 
mass spectrometer). Selected general operational principles of relevance to chromato- 
graphic detectors are listed as follows: 

Sensitivity — The magnitude of signal response, Sig, for a given change in sample mass. 
This is essentially the slope of the calibration plot of mass (m) against response (R); 
R= Sig m. 

Selectivity — The response of a detector towards a given compound, in comparison 
to its response to “carbon”. This is essentially a measure of the response of a selective 
detector towards the (hetero)atom for which the detector exhibits a selective response. 
It is defined in this manner precisely because the response to “carbon” is a general 
response mechanism for the most widely used detector — the flame-ionization detector 
(FID) — and the response to a different element provides a different, and hence 
selective, response mechanism. Selectivity is therefore a response ratio, and may be of 
the order of 10° to 10°. 

Linearity — The classical detector responds linearly to changes in the amount of sample 
entering the detector. Linear range varies with detector type, and for quantitative analysis 
it is important to operate the detector within its linear range. The linear range is reported in 
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terms of number of orders of magnitude over which the relationship R « m holds. Not all 
detectors, inherently, give a linear response. Some suffer concentration effects that lead to 
non-linearity at higher amounts of solute. The one detector that stands apart for having a 
non-linear response is the flame-photometric detector (FPD) (S-mode). 

Detection limit — This is defined as the mass of sample injected that leads to a signal 
equal to 3 X (or 2 X , depending on the definition) the noise response level. This is an 
important analytical parameter, since it determines the solute mass which must be 
introduced into the column in order to obtain a detectable signal. This is then related to the 
analyte concentration and the volume that must be injected. In respect of the total 
analytical method, detection limit considerations may also dictate such factors as sample 
mass, final extract volume, and choice of injection method. The limit of quantification is 
often defined as that mass of sample which leads to a signal equal to 10 times the noise 
level. 

Response time — The detector response time is the speed with which the detector 
responds to a change in mass of sample entering the detector. In order for the detector to 
have negligible effect on the peak profile (shape) and so preserve the performance of the 
column, the detector should be fast-responding — we might say that the detector should 
give an instantaneous response. For very narrow peaks, the detector time-constant may 
indeed not be fast enough, and lead to an apparent broadening of the recorded 
chromatographic band. For a detector, such as the electron-capture detector (ECD), which 
has an “active” internal volume, use of a low-flow-rate detector make-up gas will cause 
apparent peak-broadening for fast GC peaks. 

Detection frequency — The frequency of sampling of the detector response is an 
electronic signal-processing parameter. The detector will normally produce an analog 
signal which is discretely sampled as a digital response for subsequent computer 
processing. As GC peaks have become narrower through application of faster GC 
methods, the detector response must be sampled faster to provide sufficient data points 
across a peak in order to adequately “describe” the peak. It is accepted that a minimum of 
about 10 data points per peak half-width is required (i.e., 4 data points per peak standard 
deviation, or 17 points per peak base-width) for an accurate description of a peak, or more, 
if a shoulder is present [87]. Dyson [88] discussed the effect of data sampling frequency 
and pointed out that more errors will arise from asymmetric peaks than from symmetric 
peaks and that for the former a higher frequency should be used. In a further treatment, 
Dyson reported the number of data samples required for defined levels of measurement 
uncertainty, taking into account various levels of peak asymmetry. For 1.0 and 0.1% error, 
27 and 85 data samples, respectively, per peak-width (defined here as 6 X standard 
deviation) are required for a Gaussian peak (based on the trapezoidal rule). This then will 
permit accurate peak area and peak maximum response (i.e., retention time) to be derived 
[89]. Most conventional capillary GC detectors will permit 10 Hz data sampling, but this is 
insufficient for very fast GC peaks which may have half-widths of 100 msec, for which, as 
the above discussion indicates, operation at 50—100 Hz is required. Recently, FID and 
ECD operation at these, and higher, frequencies has become available. 

Response factors — The chromatographic detector response factor acknowledges the 
fact that the detector response is not an absolute relationship between response and amount 
for different compounds. This is equivalent to stating that the sensitivity value, S, varies 
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from one compound to another. While for a given compound class, the response factor may 
be similar, for different compound classes, the response factor may vary considerably. This 
is directly related to the response mechanism of the detector, i.e., the process by which the 
transducer produces an electrical signal arising from the compound. If the mechanism and 
magnitude of response can be determined precisely from the chemical structure of a 
compound, then the response factor for the compound may be precisely derived. More 
often than not, the response factor will be an experimentally determined value, calculated 
by using standard mixtures of known concentrations and the resulting responses of the 
compounds when the mixture is chromatographed. Since the response of a given 
compound is proportional to its injected mass (see above), its response factor under given 
detector conditions is constant. However, if the detector conditions vary, the response 
factor of a compound may vary. This reflects the need to calibrate the detector response 
frequently enough to ensure that there is no change to the response factor, and this is often 
the reason why calibration data should not be applied to the analysis of samples on 
subsequent days without re-calibrating the response. If the response mechanism of a 
detector is precisely known, its response may also be exactly predictable. Due to the 
uncertainty of the response mechanism, unfortunately this is often not the case. Continuing 
studies in this area include the use of artificial neural networks for predicting the response 
of various detectors [90]. It appears that reasonable prediction was possible for the FID and 
two photo-ionization detector (PID) conditions studied, although in some instances the 
predicted and experimental response factors differed sufficiently to suggest that precise 
analysis will still require direct experimental determination of response factors. 
Response factor data are usually tabulated in the form of normalized responses, against 
the response of a compound that has a well-defined, dependable response. A typical 
procedure will be to prepare a standard mixture of known volumes or masses of 
compounds to be calibrated, and to record their relative response areas. Response factors 
may then be calculated, based on relative masses or moles of compound (to give mass 
response factors, or mole response factors, respectively), by calculating the ratio (relative 
response)/(relative mass). This value can then be normalized to the reference compound. 
Table 8.3 illustrates such a calculation. Here, toluene gives the best response. The response 
factor of ethyl acetate is about 1/3 that of toluene. Butanol has a response about 2/3 that of 
toluene. These recently calculated response factors are quite consistent with older 
compilations of response factors, such as the relative sensitivity data reported by Dietz 
[91], also listed in Table 8.3. The response is an indicator of the mechanism of the FID. By 
calculating various parameters for the mixture — volume %, mass %, mol % and “relative 
mass of carbon” in each compound — it can be seen that the FID response correlates best 
with the amount of carbon in each compound. Thus, ethyl acetate has the lowest response, 
and has proportionally less carbon than the other compounds. This is because each 
molecule of ethyl acetate has a considerable amount of oxygen. This reduces the relative 
amount of carbon, and does not, in itself, contribute to the response of the FID in 
generating the measured flame ionization. A similar comparison for a mixture of alcohols 
(Table 8.4) shows that, again, the FID response follows the relative proportion of carbon in 
each compound, but the depressive effect of the heteroatom in ethanol makes its response 
somewhat lower than its carbon mass %. In contrast, the trend in thermal-conductivity 
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TABLE 8.3 


RESPONSE FACTOR CALCULATION FOR A SIMPLE STANDARD SOLUTION 


Compound Volume Mass Mole Mass % FID response Area %/ Response Literature 


% % % carbon area % mass % factor” value** 
Ethyl acetate 25 26.1 26.4 18.8 12.5 0.479 0.360 0.38 
Toluene 25 25.0 24.2 30.3 33.3 1.332 1.000 1.07 
Butanol 25 23.4 28.1 20.2 19.6 0.838 0.629 0.66 
o-Xylene 25 25.55 21.3 30.7 30.7 1.204 0.904 1.02 


“ Response factors relative to toluene = 1.000. 
“Literature values [91] relative to heptane = 1.00. 


TABLE 8.4 


RESPONSE COMPARISON OF FID AND TCD FOR AN ALCOHOL MIXTURE 


Compound Volume % Mass% Mol% Carbonmass% FIDarea% TCD area % 


Ethanol 25 24.5 33.8 20.8 17.1 26.9 
Propanol 25 25.0 26.4 24.4 25.2 26.1 
Butanol 25 25.2 21.6 26.6 27.5 24.2 
Pentanol 25 25:3 18.2 28.1 30.3 22.8 


detector (TCD) response is opposite that of the FID, and one could suspect that it may 
reflect the relative mol %. 


8.5.2 General classifications of detectors 


Almost any physical method that can be used as a transducer in the gas phase and has 
real-time (on-line) measurement capabilities may be used as a GC detector. This means 
that there are many possible detectors, some of which may be used routinely for 
particular applications. It is possible here to mention only those that are more readily 
available and/or used in analytical laboratories. One may also expect that for a detector 
to be widely accepted, it should be reliable, should have a reproducible run-to-run, and 
day-to-day response, should not require too much maintenance, and should exhibit little 
drift and/or noise. Dyson [88] discussed these and other aspects of measurement of 
chromatographic peak parameters in depth. Two broad classifications for GC detectors 
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place them in either mass- or flow (concentration)-sensitive categories. For a mass- 
sensitive detector, an increase in carrier flow will increase the mass flux into the detector, 
and thereby increase the response proportionally. The flow (concentration)-sensitive 
detector will show no change in response, since the concentration of sample in the carrier 
will not change. A further classification of detectors, and one that is perhaps more useful, 
is to denote a detector as universal or selective (specific). This is directly related to the 
response mechanism of the detector, and thus determines whether the detector responds 
to a broad range of compound types (universal), or is strictly suited to only certain 
classes of compounds (selective). Both, the TCD and the Fourier transform infrared (FT- 
IR) detectors are universal, since almost any compound that can be chromatographed 
will possess the property of thermal conductivity and will have molecular structural 
features that lead to infrared activity. Likewise, the mass spectrometer will produce a 
mass spectrum for almost any compound that can be eluted from a GC column (provided 
the molecule is suitably ionized). However, the FT-IR and MS detectors will also be 
highly selective, since the spectral discrimination of the detector permits selection of a 
feature which will be indicative of certain molecular functional groups. We may refer to 
these detectors as having multi-channel detection capabilities, where the detector records 
a discrete response intensity at given molecular vibrational frequencies (FT-IR) or mass- 
to-charge ratios (MS); the selection of one or more desired channels then constitutes 
isolation of molecular-specific detection performance. Finally, the FID is considered a 
carbon counter, and while this may be thought of as giving a specific response mode, 
when we appreciate that almost all compounds that can be subjected to GC will likely 
contain carbon (or a C—H bond), the FID should respond to most compounds. The most 
important exceptions are the permanent gases and related molecules. Table 8.5 lists 
various classifications of GC detectors, and selected comments on their response 
characteristics. Further quantitative properties of some detectors with respect to 
sensitivity and selectivity are summarized in Table 8.6. 


8.5.3 Selected detectors 
8.5.3.1 Ionization detectors 


The success of ionization detectors is related to the relatively low background response 
of the carrier-gas stream. The presence of an ionizable molecule generates an easily 
measurable signal, its magnitude depending on the amount of solute present. A variety of 
processes can lead to either ionization of a molecule, or produce ions from a molecule by 
reaction in the detector, and hence, a variety of ionization detectors are used in GC, as 
listed in Table 8.5. Clearly, if they all operated according to the same mechanism, there 
would be little reason for this variety; the detector names give a hint to their different 
mechanisms. 

The flame ionization detector, now the most widely used detector, burns carbon- 
containing compounds in an air-rich hydrogen/air flame. The hydrogen is normally pre- 
mixed with the carrier gas, and hence enters at the base of the flame jet. The standing 
current may be as little as 10 pA, but it is believed that few molecules which enter the 
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CLASSIFICATIONS AND EXAMPLES OF GAS CHROMATOGRAPHY DETECTORS 


Detector type 


Mass/Flow Comments 


Ionization 
Flame-ionization FID 


Thermionic ionization 
TID or NPD 


Electron-capture ECD 
Photo-ionization PID 


Mass spectrometer MS; ICPMS 


Pulse discharge PDD 


Bulk physical property 
Thermal conductivity TCD 


Optical 

Flame photometric FPD 

Atomic emission AED; ICPOES 
Chemiluminescence 

Infrared FT-IR 

Electrochemical 

Hall electrolytic conductivity 


HECD 


Other 
Olfactory GC/O 


Electro-antennography (EAG) 


Mass 


Mass 


Flow 


Mass 


Mass 


Flow 


Flow 


Mass 


Mass 


Mass 


Flow 


Flow 


Mass 


Mass 


Universal detector; responds to carbon; 
variation in response to different chemical 
forms of carbon; good sensitivity 

Selective; responds to N, P, S, B, X, Sb, As, 
Sn, Pb; 
very sensitive 

Selective; chiefly for halogens; very sensitive 

Selective; response arises from photon-induced 
ionization 

Universal; requires (molecular) ionization to 
permit mass measurement; fragmentation 
patterns permit molecular structural 
assignment. ICP produces primarily atomic 
ions for mass measurement 

Variety of modes — electron capture and photo- 
ionization — so may have specific or universal 
response; may also stimulate atomic emission 


Universal; responds to change in thermal 
conductivity of the carrier gas as it passes over 
a heated filament; not sensitive 


Selective; molecular emission produced in a 
cool hydrogen flame; good sensitivity; for 
P-,S-, halogen, and N-containing compounds 

Selective; atomic emission excited in various 
discharge types 

Selective; may be very sensitive; very 
useful for sulfur and nitrogen compounds 

Universal; records a compound’s infrared 
spectrum as is passes through a flow cell 


Selective; sensitive for halogens; an operationally 
more complex detector but may be specified in 
some methods for pollutant analysis 


Selective; odor of compounds eluted from 
a GC column and detected by human nose 
Insect antenna response to chemical stimulus 
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TABLE 8.6 


TYPICAL FIGURES OF MERIT OF SELECTED DETECTORS 


Detector Sensitivity (g/sec) Selectivity (g solute/g carbon) 
FID 2x10" Depends on compound’s response factor 
FPD 2x 107! (P) 6x 104-1 x 10° (S/C) 

5x 107!! (8) 
NPD 1x 107'3 (N) 5x 104 (NIC) 

5x 107'*(P) 2x 10* (P/C) 
PID 2x 107!” (benzene) Variable — compound-dependent 
ECD ~ 107!3 (variable) Variable but may be high 
HECD 2x10 '?-107''(S) 10° (S/C) 

2-4x 10° (N) > 10° (N/C) 
5x 10° % (ch >10° (CVC) 


flame actually produce a measurable ion — perhaps one ion per million molecules. The 
ionization response may be optimized by altering the relative flows of air and hydrogen, 
while injecting a given standard solution. Fig. 8.10 is a schematic diagram of a typical 
contour plot of flame-composition optimization. It shows that, as hydrogen is varied, the 
response goes through a maximum, whereas as air is increased, the response reaches a 
plateau and thereafter does not diminish greatly. Organic compounds produce ions 
according to the representative exothermic reaction [92]: 


C-containing compound + flame + CH: + O* + CHOt + e~ 


This reaction explains why carbon is a key elemental requirement for producing the 
ionization response, why in particular the C—H bond is important, and why the response is 
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Fig. 8.10. Response contour plot, indicating typical effects of hydrogen and air flows on the response 
of the flame-ionization detector, approximately normalized to a maximum response of 1.0. 
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proportional to the amount of injected solute. The main charge-carrying species is 
believed to be H3O0+ (and clusters of hydrated ions) [93]. However, there is still 
uncertainty as to the exact mechanism. The FID still attracts attention from those offering 
new understanding of its response. Holm [94] concluded that the initial generation of CH, 
from hydrocarbon compounds in cooler parts of the flame is critical to its response. 

Due to the differences in the chemical bond of carbon in organic compounds, the 
relationship between the number of carbons and the resulting response is not the same for 
different compounds. This explains the different response factors observed for the FID 
(Sec. 8.5.1). For saturated organic compounds, we note a similar response per carbon, and 
so x mols of butane will give a response very similar to x/2 mols of octane. However, 
smaller responses for a given mass of compound are found for compounds that contain 
heteroatoms. CCl4, CO, COS, CO2, CS» will show very poor sensitivity in the FID, as will 
the permanent and inorganic gases. 

The thermionic ionization detector (TID), also known as the nitrogen/phosphorus 
detector (NPD), was developed by Kolb [95] from studies on the alkali-FID, and may be 
considered to be a variation of the FID. However the unique conversion of the “universal” 
FID response into a sensitive and selective mode is put to significant advantage in the 
analysis of a wide range of nitrogen- and phosphorus-containing compounds, such as 
drugs and organophosphorus pesticides. The TID still employs a mixture of air and H, 
gases, which may be thought of as similar to the FID flame, but the gas composition will 
not by itself support a flame. The presence of an alkali-metal salt bead or ceramic material 
(initially based on rubidium, but cesium may also be used), located just above the detector 
jet tip and before the collector electrode, suggests that the gases form a plasma in the 
detector. The metal salt is formed at a ceramic bead on an electrical wire, the voltage of 
which can be separately controlled to maximize the signal and reduce the background 
response. The detector may also be considered as having a FID-like response, but this is 
suppressed by using a negative voltage on the bead to increase the detector specificity for 
the target elements. Whether the reaction between the alkali metal and the compound 
occurs in the plasma as a gas-phase process [96] or at the bead surface [97], is still open to 
interpretation. However, the degradation products of nitrogen and phosphorus compounds 
must become negatively charged by electron-extraction processes, and thus provide the 
selective response. The effective result is a response that is linear with the mass of solute, 
is sensitive to trace amounts of solute, and gives a specific response to the elements N and 
P. Enhanced selectivity of response to nitrogen compounds, in an inert gas, without H2 or 
air, has been described recently [98]. It was found that compounds with acidic protons lead 
to strong structure-related responses, those with more acidic protons give a greater 
response, and gases with low thermal conductivity induce stronger responses. 

The electron-capture detector (ECD) uses a radioactive source (typically Ni, but 
other sources can be used) that produces beta-particles within the ionization chamber, 
incorporating two electrodes, across which ionization may be measured. The detector 
normally uses a make-up gas of methane-doped nitrogen, or just nitrogen. Within the 
detector, the beta-particles interact with the carrier and make-up gases to form a plasma, 
containing, among other species, thermal electrons. This sets up a standing current 
between the electrodes. When an electron-capturing species enters the chamber, it 
captures some of the thermal electrons, reducing the standing current, and this is measured 
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as the detector response. The source is prone to contamination, and this makes the detector 
somewhat noisy or subject to drift. Also, strongly electron-capturing solvents, such as 
dichloromethane, and derivatization reagents that leave significant traces of residual 
halogenated reagent in reaction mixtures, should be avoided. This detector is widely used 
in trace analysis of chlorinated pollutants (Chap. 21), and the recent interest in high- 
resolution analysis makes miniaturization of the detector’s internal volume important. The 
use of a counter-flow of make-up gas over the anode isolates it from the halogenated 
solutes and has been proposed to enhance detector stability. Greater make-up flow also 
reduces solute residence time in the ionization chamber and minimizes peak-width, 
however, at the expense of sensitivity. 

The signal output of the constant-current variable-frequency ECD is in frequency units 
(Hz). The ECD is reportedly linear over up to 7 orders of magnitude (note that this may be 
greater than the concentration range that maintains linear-chromatography conditions). 
For a highly sensitive molecule, such as lindane, a micro-ECD is reported to have a 
detection limit of 0.01 pg/sec. The micro-ECD is capable of faster data acquisition, and is 
therefore compatible with faster (narrower) GC peaks. Classes of compounds that yield an 
ECD response include alcohols, ketones, amines, and anhydrides, especially in conjugated 
form, which exhibit electron-capturing groups. Selectivity is shown most clearly towards 
halogens, for which sensitivity is in the order of I > Br > Cl > F. The extent of response 
to halogenated compounds increases dramatically with the degree of halogenation. The 
ECD response to multiply halogenated compound mixtures, such as polychlorinated 
biphenyls (PCB), means that the response factors of each compound should be known in 
order to accurately quantify complex sample mixtures. Cochran and Frame [99] compiled 
diagrammatically the response factors of all 209 PCB, and listed those for the 
pentachlorobipheny]s. 

Photoionization detection (PID) employs an energetic light source, which provides a 
supply of photons capable of ionizing chemical compounds. A typical design uses a UV 
light source, such as a hydrogen lamp, providing 10.2 eV energy photons. The cell also 
contains a polarizing and collecting electrode. The mechanism can be represented as 
R+UV—R* +e , where R is the sample compound. Since the photon flux determines 
the extent of ionization, maximizing photon intensity should give the greatest sensitivity. 
Low-pressure operation aids this, but it is inconvenient. Isolation of the source and 
ionization chambers permits ion production and ion measurement to be individually 
optimized [100]. Improvements in design to make the PID more suited for use with 
capillary columns by reduction in chamber volume have been reported. Clearly, 
compounds with lower ionization potentials will be more favorably ionized, and this 
accounts for the enhanced sensitivity towards olefins and aromatics, with their C—C 
a-electrons. Thus, with the H, lamp, permanent gases and small organic molecules will be 
poorly ionized. The ratio of PID to FID response can be used to indicate the class of 
compounds detected, a higher PID/FID ratio being indicative of aromatics, but this is not 
an accurate or reliable rule. The non-destructive nature of the PID means that it can be 
located ahead of a FID, to provide dual detection without the loss of sensitivity that may 
arise from stream splitting. The responses with the FID and PID have been contrasted for a 
range of atmospheric hydrocarbons [101]. The PID/FID ratios were on the order of < 1 for 
n-alkanes, ca. 5 for 1-alkenes, and 5—12 for mono-aromatics. Considerable variation 
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within the classes was observed. Dissolved and sedimentary sulfur was measured, 
following a range of H2S generation methods from various materials. With a cryogenic 
pre-concentration step, a detection limit of 0.13 nM was found [102]. Through hydride 
generation, As, Se, Sn, and Sb species in natural waters were sensitively and selectively 
analyzed by GC/PID [103,104]. Chlorobenzenes in air, blood, and urine were extracted 
and analyzed by GC/PID. It was observed that the detector response to any given molar 
concentration of any chlorobenzene is identical, and the response is linearly related to 
molar concentration over 5 orders of magnitude [105]. Detection limits were in the low- 
ppb range. Thus, the PID has been applied to a variety of analyses, in areas where either 
the FID offers a competitive performance, or where the FID cannot be applied. 

The pulse-discharge detector (PDD) has been developed during the 1990s. There are two 
general modes by which pulse discharge may be used in a GC detector. One is the 
measurement of ionization produced by the discharge; the other is the generation of 
emission, which is then monitored spectrophotometrically. A pulsed direct-current (DC) 
discharge in helium is used as the ionization source. In an ionization mode, the PDD may be 
operated as an electron-capture device, or as a helium-photoionization device. The pulsed 
discharge generates high-energy (13.5- to 17.5-eV) photons, which photoionize a dopant 
gas (e.g., methane). The energy is sufficient to photoionize all elements, except neon. The 
dopant acts as a source of photoelectrons, and in the PDECD (pulsed-discharge ECD) [106] 
mode these electrons are captured by an electronegative element. Thus, this bears some 
resemblance to the more familiar radioactive ECD. In the absence of the dopant, the photon 
emission from He is energetic enough to photoionize the compounds in the GC effluent 
directly, and hence leads to the pulsed-discharge photoionization detector PDPID. The 
noble gas used for photon generation is defined as the prefix (He-, Ar-, or Kr-PDPID). 
Compared with the radioactive ECD, the PDECD is cleaner, since there is no radioactive 
source that may become contaminated. Also, the chamber can be made smaller so that is it 
suited to lower make-up flows and potentially better maintains the performance of narrow 
GC peaks. Wentworth et al. [107] discussed the rationale for the choice of dopant — inert to 
electron-capture, low ionization potential, and possessing vibrational and rotational 
modes — and listed a range of dopants that may be used. For a variety of reasons, one 
of which is that it produces results that parallel those of the radioactive ECD, it appears 
that CH, is the preferable dopant. In general, sensitivity of the PDECD and radioactive 
ECD are similar. 

Dojahn et al. [108] compared the He-PDPID in its photoionization mode with the FID 
in the analysis of a hydrocarbon mixture. While the FID is normally considered to be a 
carbon-counter detector, they concluded the He-PDPID to be more accurate for 
determining the percent composition of the mixture. Moreover, the latter detects even 
compounds that the FID cannot detect, and so it is a more universal detector. A pulse 
period of 220 sec was used, and a pulse width of 28 usec, during which time a DC 
voltage of up to 20 V was applied (adjusted for stability of the discharge). A collector 
electrode measured the photoinduced current that was produced. Judging from the 
chromatograms presented, the He-PDPID gave a more consistent area across the test 
mixture components, and a peak for CS, was noted for the PID mode. The He-PDPID was 
found to be of advantage in the simultaneous determination of dissolved gases (Ho, No, Oz, 
CO, CO, CHy, C2H¢, C2H2, C3Hg) and moisture in mineral oils, following static 
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headspace sampling and GC [109]. A dual parallel column/detection system was used 
(with GSC and GLC columns and a switching valve in the GSC separation line). In its 
emission mode, the PDD has been shown to be an element-specific detector, with 
wavelength selection by a monochromator [110]. For the halogens studied, specifically 
chlorine, vacuum UV wavelengths were used [111]. Comparison of the CI-PDECD and 
He-PDPID chromatograms showed that the former exhibits no sensitivity towards 
hydrocarbons, and therefore gives a much simpler chromatogram [112]. 

The mass spectrometer occupies an important enough area to warrant a separate chapter 
(Chap. 10). Being arguably the most important GC detector today, and having specific 
relevant aspects related to its use in analytical GC/MS experiments (e.g., selected-ion 
monitoring, selected- or multiple-reaction monitoring, extracted-ion chromatograms, 
collisional activation, correlation with retention indices for enhanced identification, etc.), 
there is considerable technical and interpretive information associated with MS detection 
in chromatography. 


8.5.3.2 Bulk physical property detectors 


The thermal-conductivity detector (TCD) is an excellent, robust, low-maintenance 
detector, ideally suited to remote as well as on-site analysis. It does not require additional 
detector gases (there is no flame) and relies purely on electrical means to heat a filament in 
the carrier-gas stream. While it suffers analytically from a poorer sensitivity than other 
detectors, its universal nature means that it can be used for mixtures that might not be 
suited to other detectors. The original design compared filaments in two arms of a 
Wheatstone bridge. When a compound enters the measurement arm, the thermal 
conductivity of the compound alters the resistivity of the filament, and the out-of-balance 
current of the bridge corresponds to the amount of compound present. The design was later 
modified to permit use of a single filament, with flow modulation switching the column 
effluent every 100 msec between the filament cell and a bypass channel. Hence, a 
reference reading is also taken every 100 msec. The response of the TCD was shown to 
follow the kinetic theory of gases, for a number of small molecules [113], and the 
prediction of response factors was studied [114]. Since TCD was essentially the first 
detector used for GC, it is not surprising that soon after the introduction of capillary GC, 
there was a need for modifying the detector by reducing the volume of the flow-cell [115]. 
Since most uses of the TCD are for permanent gases, its application range is limited and 
application-specific. 


8.5.3.3 Photometric detectors 


Photometric or optical detectors in GC employ either molecular or atomic emission 
phenomena as the sensing mechanism, with various spectrophotometric devices to record 
the emission intensity. Note that, in contrast to HPLC, absorption detectors are rarely used 
in GC, except for the infrared detector. Some isolated reports of GC/UV have appeared in 
the literature in the past. Lagesson et al. [116] presented a compelling study on high- 
resolution GC/UV with spectra taken over the range 168—330 nm. Three-dimensional and 
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2D contour plots of chromatograms of a flavor sample and a petroleum product illustrate 
the degree of sophistication that can be offered by GC/UV analysis. One of the earliest 
photometric detectors is the flame-photometric detector (FPD). Grant [117] suggested 
flame emissivity as a detection mode in 1958. The FPD is essentially reserved for 
molecular emissions, stimulated in a cool diffusion flame, as opposed to atomic emission. 
In 1966 Brody and Chaney [118] proposed the use of the emission from diatomic sulfur for 
the detection of sulfur compounds. The role of the FPD for sulfur analysis was reviewed by 
Farwell and Barinaga [119]. The combustion of a sulfur compound yields a range of 
sulfur-containing products (S, SO, SO, H2S, HS, and S,). The blue emission used 
analytically is from the S, species, and is due to a recombination reaction that produces the 
electronically excited diatomic molecule, S3. Relaxation to the ground state is 
accompanied by a molecular band emission with a variety of maxima, the most intense 
of which is at 383 nm. The following reaction occurs: 


* 


S-compound + flame — S + S— [S,] 
and therefore 
hv intensity = k[S,]" 


where [S>]* o< [S][S] o< [SP. Since the concentration of S in the flame, [S], is proportional 
to the amount of S-compound, but the amount of S, generated is proportional to the square 
of the amount, S, the response, R, is proportional to the square of the amount of sample. 


R= k(mass of sy 


The theoretical value of 2 for a square-law response is often not observed, and the 
exponent may vary considerably, from 1.5 to 2.2. It also follows that the calibration graph 
will be nonlinear, and a plot of log(R) vs. log(S) will show a theoretical slope of 2 (or from 
1.5 to 2.2, as the case may be). Also, just as the S-compound mass flux in the detector 
changes according to the Gaussian peak shape expected of the chromatographic peak, the 
peak shape produced by the FPD in the Sj mode will not be Gaussian but rather 
“Gaussian””. This affects the interpretation of chromatographic data, such as resolution 
and efficiency, when the FPD-S» mode is used [120]. Since organic contaminants interfere 
to some extent with production of the chemiluminescent species and cause deviations from 
the theoretical value, a dual-flame arrangement was developed. It provides a pre- 
combustion chamber, followed by an upper analytical flame, the emission of which is 
monitored. 

The other major mode of the FPD is the phosphorus mode. It finds use in pesticide 
analysis, often in conjunction with a TID. The TID responds to both N- and phosphorus- 
containing compounds, while the FPD-P mode will indicate which of these residues 
contains just phosphorus. This mode is more sensitive than the S, mode, and also arises 
from a recombination reaction in the flame to produce an excited-state molecule, HPO”. In 
this case, the response is linear with amount of phosphorus compound: 


P-compound + flame — combustion products, P, PO, PO, ~ HPO* 
hv intensity = k[HPO*] 
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where [HPO*] oc P-compound. In this case, an emission is produced, centered on 525 nm. 
The emissions of HPO” and S3 overlap to some degree, and so there is some overlap — a 
small emission intensity arising from HPO” may be recorded at the detection wavelength 
used for the S, mode, and from $3 when the FPD-P mode is used. 

More recently, the pulsed-flame photometric detector (PFPD) was introduced, where 
the gas flow-rates cannot sustain a continuous flame operation [121,122]. When ignited, 
the flame front propagates back to the combustible gas mixture and will self-terminate. 
Emission from an excitable species will therefore be pulsed. This isolates the combustion- 
and emission-generating processes in space and time. Fig. 8.11 is a schematic cross- 
section of the PFPD. Note that the igniter is in a position remote from the flame. The 
optical sensing elements are located just above the quartz combustor. This diagram may be 
considered representative of many different sorts of PFPD, with simple modifications to 
suit different transducer mechanisms. It has been reported that improved detection limits 
for S and P, higher selectivity against hydrocarbons, and reduced emission quenching were 
achieved with the PFPD. Additionally, selective detection of N, and simultaneous 
detection of S and C were reported. Detection limits of the order of 2 x 10° '* g S/sec, 
1x 10 ‘4g P/sec, 5x 10 '? g N/sec and 6 x 10 '' gC/sec were quoted. The PFPD 
arrangement reduced the compound-dependency of the sulfur response. A typical appli- 
cation is represented by the selective determination of sulfur compounds in beer with the 
use of headspace SPME [123]. 

The atomic emission detector (AED) offers a novel opportunity to establish the 
elemental composition of a compound that is separated and eluted from a GC column. Van 
Stee and Brinkman [124] have reviewed the performance and applications of GC/AED. 


from column 


Fig. 8.11. Schematic diagram of the pulsed flame-photometric detector. Important features are: 3, 
hydrogen/air mixture inlet to combustor; 4, outer bypass hydrogen/air mixture inlet; 5, combustion cell 
holder; 6, quartz combustion tube; 7, sapphire optical window; 8, quartz rod light guide; 9, glass optical 
filter; 10, photomultiplier; 12, igniter; 14, column. (Reproduced from Ref. 122 with permission.) 
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The first report describing the use of emission spectrometry (atomic lines and molecular 
bands) as a GC detector for organic compounds was that of McCormack et al. [125], who 
used a microwave-induced plasma (MIP). Both, excellent sensitivity and selectivity 
towards certain elements, were demonstrated, and fast response and wide dynamic range 
were also cited as advantages. Detection limits in pg/sec were observed, but selectivity 
against carbon was not good. Uden [126] summarized the developments in this area up to 
the early 1990s. The Beenakker TMoj9 cavity [127] enabled an atmospheric helium- 
supported plasma to be reliably used, with higher energy, that was more applicable to GC 
detection and became the basis for a commercial GC/AED device. The compound enters a 
high-temperature plasma source, which decomposes/atomizes it, and from which atomic 
emission is stimulated. Classical spectral methods are used to isolate atomic emission 
wavelengths and to report their intensities. Van Stee and Brinkman [124] compiled 
analytical figures of merit of various elements, which are reported in Table 8.7; a similar 
tabulation was provided by Uden [128]. Stan and Linkerhagner [129] have tabulated 
detection limits for 385 pesticides, using the diagnostic lines for the elements in each 
pesticide, as well as retention times under standard conditions. Large-volume injection 
ensured adequate sensitivity for the residues in food analysis. To screen for pesticides, 
two analyses were conducted, S, P, N, and C lines being selected in the first run, and Cl and 
Br in the second. The advantage of this selective detection mode was that matrix 
interferences were largely confined to the C, H, and O emission lines. 
Chemiluminescent detectors occupy niche application areas for nitrogen and sulfur 
compounds, based on the reaction between them and ozone. Yan [130] has reviewed the 


TABLE 8.7 


TYPICAL SENSITIVITIES AND SELECTIVITIES REPORTED FOR THE ATOMIC EMISSION 
DETECTOR 


Element Wavelength (nm) LOD (pg/sec) Selectivity over carbon ( X 1073) 
N 174.2 15-50 2-5 
S 180.7 1-2 5-20 
C 193.1 0.2-1 - 

P 178.1 1-3 5-8 
C 495.8 15 - 

H 486.1 1-4 - 
Cl 479.5 25-40 3-10 
Br 478.6 30-60 2-6 
F 685.6 60-80 20-50 
O 777.2 50-120 10-30 
Si 251.6 1-7 30 
Hg 253.7 0.1-0.5 250 
Pb 261 0.2-1 300 


Sn 271 1 300 


362 Chapter 8 


present state of these detectors. The respective reactions are: 
NO + 03 > NO; + 0, 

NO; — NO) + hv (max = 1200 nm) 

and 

SO + 03 > SO; + O, 

SO; — SO, + hv (Ainax = 360 nm) 


The reactive N and S species must be generated in the detector, often by a pyrolysis 
process, and then the products are transported to the reaction chamber, where ozone is 
supplied and the emission is monitored. These mechanisms are the bases for the thermal 
energy analyzer (TEA, for nitrogen) and the sulfur chemiluminescence detector (SCD). 
Sensitivities are of the order of 10° '* g (S or N)/sec, selectivity against C is ca. 10’, and 
the linear range is 4 to 5 orders of magnitude. 

The only other detector of note under this category that will be discussed here is the 
infrared detector. Rather than being an emission-based detector of the above types, it 
operates by spectrophotometric absorption of radiation. The heyday of FT-IR detection 
was in the 1980s and early 1990s, but it has had considerable competition from MS 
detection more recently. The role of the FT-IR detector for various chromatographic 
methods was discussed by White [131]. It is almost the definitive universal detector, since 
almost every molecular species possesses IR activity, and it also has some degree of 
specificity, arising from the spectral fingerprint associated with modes of molecular 
vibrations [132]. Along with the mass spectrometer, IR will give molecular structural 
information, and these two spectroscopic detectors have been compared by Ragunathan 
et al. [133]. The only practical IR method to be used with chromatography is the Fourier 
transform mode, with rapid acquisition of the interferogram on the chromatography time- 
scale. The compound must pass through the light-pipe, in which its IR spectrum is 
measured in real time. Cryogenic trapping of eluate on a moving substrate with subsequent 
IR measurement, is another operational method [134]. Library searching and 
reconstructed chromatograms, based on selected frequencies of vibration, offer some 
unique advantages. The first is identification of geometric isomers, such as the o-, m- and 
p-isomers of mono-aromatic compounds (e.g., dimethylbenzenes), which effectively have 
the same mass spectra, and two of which are eluted very close together (the o- and 
p-isomers). The second is the ability to reconstruct chromatograms of certain chemical 
classes from a mixture and present simplified chromatograms that make interpretation 
easier. The FT-IR detector is a powerful, but often overlooked detection mode, and this is 
probably due to the overwhelming reliance on the MS detector for situations where 
identification is required, while accepting the small number of cases where MS cannot 
yield a definitive structural identification. 


8.5.3.4 Other detectors 


Two specialty GC detectors will be mentioned in this section, both of which are used in 
the areas of essential oils, flavor and fragrances, and semiochemicals. These two detectors 
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are based on biochemical receptor responses. The first is the olfactory detector, and 
olfactometry has given rise to the term GC/O. Here, the human nose is the sensing 
element. The GC effluent is mixed with humid air, and the effluent is “continuously” 
monitored for the presence of compounds that elicit an odor response. This detector is best 
operated in parallel with a mass spectrometer via an effluent splitter, to provide 
identifications of the odorous compounds. The experimenter not only registers the time he 
senses certain odors, but also the type of odor (fruity, coconut, spicy, floral, malty, 
ethereal, sulfurous, cut grass). The intensity of the odor can also be indicated by using a 
signaling device, and the resulting chromatogram is a plot of retention time vs. the sensory 
response, which is proportional to the perceived intensity of the stimulant. The 
olfactogram can be compared directly with the GC/FID profile to correlate compound 
retentions and estimate concentrations, or with GC/MS to provide identification. 
Sometimes, a peak occurs on the olfactogram but not on the GC/FID tracing, for 
compounds that have a very low odor threshold but are below the FID detection limit. 

Quantitation of an individual compound in GC/O is achieved by either the aroma 
extract-dilution analysis (AEDA) [135,136] or combined hedonic and response 
measurements (CHARM) [137] methods. The former presents trained sniffers with 
successive dilutions of the analyzed sample until no odor is perceived. This gives a semi- 
quantitative measure of the individual compounds. In CHARM, the sniffer records the 
concentration when it exceeds the odor threshold, and again when it drops below the 
threshold. A major peak on the CHARM diagram (chromatogram) may not necessarily be 
the biggest peak in the sample. The odor profile of a sample may then be presented on a 
wagon-wheel diagram, where each spoke is a specific odor descriptor. The magnitude of 
each odor in the given sample can then be plotted on the diagram for facile comparison. 
The sniffer port of the GC/O device now incorporates a supply of moisture to ensure that 
the sniffer’s nasal cavity does not become dry and irritated [138]. The analysis is also often 
undertaken in a “sensory deprivation” environment, to ensure objective measurement of 
the effluent. Steinhart et al. [139] and Van Asten [140] recently reviewed advances in 
flavor research, with the emphasis on GC methods. The analysis of essential oils by GC, 
while often a challenging and complex task, is now a well-developed procedure that 
depends on correlation of linear temperature-programmed retention indices and mass 
spectrometry [141], for which there are literature compilations available [142], although 
there is still a need for improved resolution. 

The second dedicated detector in this area is the electro-antennograph (EAG). It is a 
highly specific detector, which incorporates an organ of an insect — usually the antenna — 
that contains receptors to target compounds, usually allelochemicals or pheromones [143]. 
A preliminary separation by GC is almost indispensable, and the biological response then 
provides greatly increased identification power for studies of active compounds [144]. 
Since the target molecules elicit a biological response, which the transducer converts to an 
electrical signal as the potential across the antennae, the activity of the antennae towards 
an eluted chemical will be recorded as a peak. This permits identification of the chemicals 
that are responsible for a particular insect behavior. Studies were conducted with sample 
collection in open-tubular polysiloxane phase-coated traps, followed by thermal- 
desorption GC/EAG of dung beetle attractant [145]. A sensitivity of 15 pg was reported 
for the antennal response in a GC/EAD (electro-antennographic detection) system to the 
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major component of the Egyptian armyworm sex pheromone, (Z,E£)-9,11-tetradecadienyl 
acetate [144]. As the search for more highly targeted agricultural management chemicals 
continues, this area of analysis will likely play an increasingly important role in natural 
control measures for insects and other parasites. Current trends towards miniaturization 
(Chap. 11) have stimulated efforts directed towards incorporation of detector technologies 
on chip devices for GC. The obvious method will be miniaturized TCD, but DC plasma 
optical emission has also been reported [146]. 


8.5.4 Dual detection 


While two detectors provide “double” the information, and potentially more than that 
of a single detector, rarely are three detectors used simultaneously (Chap. 12). The purpose 
of the dual detector is to provide improved quantification and/or identification from the GC 
experiment. This effectively confirms that retention time, or the peak position in a 
chromatogram, is insufficient in itself to provide confirmation of a compound’s identity. 
Hence either chromatography on multiple columns (MDGC, GC xX GC), or multiple 
detection, may be considered. For some applications, MS detection in full-scan mode is 
required to confirm peak identity. However, MS may not provide adequate quantitation, or 
it may be too complicated to set up for the quantification of a multitude of different 
components in a sample. In such cases, a parallel GC/FID analysis will be relied upon for 
quantitation, based on the FID response. GC/FTIR may also provide the required 
identification, but may not be as convenient for quantification; the FID channel can then be 
used for this. 

For complex samples, it is often of advantage to obtain a simplified chromatogram, if the 
selective detector can offer this. Thus simultaneous PFPD and MS detection of pesticides 
has been described [147], in which the simplicity of dimethoate and benzothiazole 
detection in the PFPD channel is apparent, whereas in the MS (total-ion current) tracing 
they are almost unrecognizable. For malathion in rosemary essential oil, the PFPD P- and S- 
modes were contrasted with the MS-TIC tracing. For a multi-residue pesticide extract from 
a lanolin sample, dual detection with ECD and NPD provided an interesting application, 
where in one region of the chromatogram the NPD gave a simpler result, and in another, the 
ECD gave a simpler result [148]. However, the simplicity provided by the second detector 
is not always achieved. For a urine sample, the volatile fraction gave very complex 
chromatograms with both detectors, the FID and TID [149]. Complex sample fractionation 
by multi-dimensional GC, combined with parallel MS and FT-IR detection, has been used 
for petrochemical analysis, where the FT-IR is used for isomer characterization. The two 
detectors may be considered complementary in this respect [150]. Most of the sample 
effluent is split to the less sensitive FT-IR in order to obtain adequate sensitivity. 
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9.1 INTRODUCTION 


In 1967, Hjertén [1] described a novel apparatus for free-zone electrophoresis. It 
consisted of three units: 1) a high-voltage power supply; 2) a detector, and 3) a unit holding 
a 1- to 3-mm-ID quartz tube, which was immersed in a cooling bath. In order to minimize 
solute adsorption and electro-osmotic flow (EOF), the internal surface of the separation 
tube was coated with methylcellulose. The instrument was based on a “Copernican 
principle”: in order to prevent electrodecantion of separated macromolecular zones, the 
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tube was continuously rotated about its axis. The rotating quartz cell and electrode 
reservoirs were mounted on a movable carriage; detection of separated components could 
thus be achieved by driving the capillary past a fixed UV monitor. In spite of the fact that 
Hjertén’s instrument proved many of the concepts of modern capillary zone 
electrophoresis (CZE), it did not mark the birth date of present-day CZE. First of all, 
the apparatus was mammoth in size and cumbersome to operate, since it still lacked the 
automation of modern CZE instrumentation; secondly, no capillaries were available in 
those days, impeding the operations at high voltages that led to high-performance 
separations. Years later, Virtanen [2] demonstrated that the use of tubes approaching 
capillary dimensions (0.2 mm ID) obviated the need for capillary rotation to counteract 
sample decantation, as predicted by Hjertén in 1967. Yet, even with Virtanen’s report, 
CZE lay dormant for most of the decade, although the Seventies witnessed the birth 
of isotachophoresis (ITP), with proper commercial instrumentation for its routine 
application [3]. However, ITP did not gain popular acceptance as an analytical technique, 
in part because the unusual data presentation was foreign to practitioners and in part 
because of the introduction of a plethora of discontinuous buffers by Jovin [4,5], throwing 
the users into a state of perennial confusion. Nevertheless, ITP is enjoying a renaissance as 
a sample pre-fractionation and concentration step prior to CZE separations [6-8]. 

The modern era of CZE is considered by many to have commenced with publication of 
a series of papers by Jorgenson and Lukacs [9-11]. These reports described a simple 
research instrument consisting of a fused-silica capillary, electrode reservoirs, a high- 
voltage power supply and, usually, a modified HPLC optical detector. Samples were easily 
introduced by dipping the capillary inlet into the analyte solution and applying voltage or 
raising the level of the sample vial. Polyimide-clad fused-silica capillaries, as adopted in 
gas chromatography [12], were employed with inside diameters of 25 to 100 wm, and a 
section of the polyimide was burned away to provide a detection “window”. 


9.2 THE INSTRUMENT 


Countless publications offer the scheme of the standard CZE instrument, much as 
described in Refs. 9-11. To this classical drawing, one has to add, today, a thermostatic 
unit, present essentially in any available instrument and, of course, a computer for data 
acquisition, analysis, and apparatus control (see, e.g., Fig. 3 of Oda and Landers [13]). The 
focus today has considerably changed from single-capillary units to multichannel or 
capillary array machines, and to this equipment we will turn our attention. As early as 
1992 Mathies and Huang [14] developed the first capillary array electrophoresis (CAE) 
system, using a confocal fluorescence scanner. Its application to DNA sequencing was 
demonstrated by running 25 capillaries simultaneously, thus increasing the production rate 
of sequencing data 25-fold [15,16]. The search for a comprehensive CAE instrument was 
soon attempted by several other groups seeking equipment capable of fast, automated, 
sensitive, and rugged operation [17-26]. Today, there are three commercial versions 
of CAE instruments, while a few groups are still trying to offer new alternatives in 
system design. All CAE DNA sequencers feature 96 capillaries: MegaBACE 1000 
from Molecular Dynamics (Sunnyvale, CA, USA), ABI 3700 from PE Biosystems 
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(Foster City, CA, USA), and SCE9600 from SpectrumMedix (State College, PA, USA). 
Their actual design originated from prototypes of Huang ef al. [15,16], Kambara and 
Takahashi [17], and Ueno and Yeung [21], respectively. The instrument from Molecular 
Dynamics is based on confocal detection, consisting in a microscope objective for 
focusing the laser light inside the capillaries and, at the same time, for collecting the 
emitted light from the center of the column. In order to collect the data from all the 
capillaries, a scanning system is used. The confocal system utilizes a set of four 
photomultiplier tubes with proper filters and dichroic beam splitters. Columns coated with 
linear polyacrylamide (LPA) and filled with low-viscosity LPA solutions are used [27]. 
The equipment from Perkin-Elmer employs post-column detection with liquid sheath flow 
[18,20]. The capillary bundle is aligned inside a quartz cuvette. Along the dead-space 
between the capillaries and the walls of the cuvette a buffer solution is pumped through the 
cell. The liquid sheath, flowing on the outside, drags down the DNA zones being eluted 
from the columns and tapers them to a small diameter. A laser beam crosses all flow 
streams and excites the fluorescent molecules. Light is collected at 90° from the laser 
plane, thus reducing the light scatter. The fluorescent light is dispersed through a 
diffraction grating and imaged onto a cooled charge-coupled device camera (CCD 
camera). The SpectrumMedix instrument exploits on-column detection [21,28]. The laser 
beam crosses all 96 capillaries that are immersed in a refractive-index-matching liquid 
between glass plates; the latter also confine the laser light, minimizing its losses. The 
fluorescent light is collected at right angle from the laser axis by a lens and detected by a 
CCD camera able to perform multi-color detection. It is expected that this system can be 
expanded to 384 capillaries. 

In addition to the commercial instrumentation just described, research on CZE 
instrumentation is continuing in different laboratories. Thus, Kambara’s group [29] has 
recently improved its detection system by intercalating the capillaries with glass rods of 
the same external diameter as the capillaries. With this design, the light transmission with 
side illumination was ameliorated, but at the expense of the total number of capillaries, 
reduced from 96 to 48. The approach of Quesada and Zhang [23], who use optical fibers 
for illumination and light collection, has also been improved by adopting a single beam for 
illuminating all capillaries [30]. The capillary walls are used as lenses, an approach similar 
to that of Anazawa et al. [19]. In another approach, Mathies’ group [31,32] has also 
continued CAE development. The latest version of their equipment, employs a confocal 
system with the capillaries set in a circular array. The microscope objective spins inside a 
drum, interrogating each one of the columns in turn. Currently, their wheel accommodates 
96 channels, but a larger number of capillaries could easily be lodged in this geometry (up 
to 384 channels). Fig. 9.1 shows the CAE wheel devised by Medintz et al. [31] and Paegel 
et al. [32] (cf. Fig. 11.9). This design consists of 96 separation channels, arrayed in a radial 
format around a central common anode reservoir in a 10-cm- or 15-cm-diameter wafer. 
Each pair (or doublet) of microchannels shares a common waste and cathodic reservoir 
(Fig. 9.1b). The peculiarity of this design is that only a single doublet needs to be designed, 
because all doublets are rotationally equivalent. Channels are grouped into 4 quadrants of 
12 pairs each. The mask design of a 96-channel chip with an extended separation geometry 
(16 cm in length) is presented in Fig. 9.1c, along with a close-up of the actual taper 
geometry (Fig. 9.1d). For image acquisition, a rotary scanning confocal fluorescence 
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(c) (d) 


Fig. 9.1. Design of the 96-channel radial capillary array electrophoresis (CAE) plates. (a): Mask 
pattern used to form the 96-channel radial CAE plate on a 15-cm diameter disk. The black circle with 
an arrow in the center of the plate indicates where the laser beam from the rotary scanner interrogates 
the separations; (b): mask pattern used to form a 96-channel radial CAE plate with folded channels for 
increasing the separation length to 16 cm; (c): enlarged view of a doublet of individual straight 
channels showing the common cathode, waste, and anode reservoirs; (d): enlarged view of the folded- 
channel layout and the novel hyper-turn geometry. (Reproduced from Ref. 31, with permission.) 


detector was developed, as illustrated in Fig. 9.2. The detection system consists of 
a rotating objective head (Fig. 9.2a), coupled to the four-color confocal detection unit 
(Fig. 9.2b). The 488-nm beam from an Ar laser is directed through a series of mirrors and 
dichroic beam splitters up to the rotating central hollow shaft of a stepper motor. The beam 
is focused onto the disk by a rotating microscope objective. Fluorescence from the sample 
zone is collected by this objective and passed back along the reverse optical path through 
the dichroic beam splitter to the four-color confocal fluorescence detector (see Fig. 9.2b). 
The latter separates light into four distinct channels: red (> 600 nm), black (560—590 nm), 
green (530—560 nm) and blue (505-530 nm). 

Another variant of CAE instruments comes from Heller’s group [33]. These authors use 
a laser line generator for producing a uniform intensity profile over the array of 96 
channels, yet they use a low-power laser (ca. 30 mW). In the detection set-up, they have 
adopted a holographic transmission grating, with the image of the array formed onto a 
back-illuminated CCD chip. A general problem with most of the CZE instruments is the 
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Fig. 9.2. (a): Schematic drawing of the Berkeley radial confocal fluorescence plate scanner; (b): four- 
color detector. Pinholes and apertures are indicated by blank white spaces between compartments. D 
(1 to 3) dichroic beam splitters; F (1 to 4) filters; L (1 to 4) lenses; PMT (1 to 4) photomultiplier 
tubes. Fluorescence from the scanner is directed sequentially by reflectance from D, (light <595 nm 
is reflected) to D> (reflects light <565 nm), and then to D3 (reflects light <537 nm). Fluorescence 
light is filtered by a 600-nm long-pass filter in Channel 1, by a 580-nm band-pass filter in Channel 2, 
by a 550-nm band-pass filter in Channel 3 and by a 520-nm band-pass filter in Channel 4. The filter 
band-widths for each channel, as defined by the dichroics and filters, correspond to the 4 common 
DNA sequencing dye emission windows. (Reproduced from Ref. 31, with permission.) 
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reading length: it is in general difficult to achieve sequencing of > 500 bases with > 99% 
accuracy, although it would be highly desirable to extend this value to at least 800 bases. In 
order to address this problem, Endo ef al. [34] have recently proposed electric-field- 
strength gradients with a typical duty cycle of an initial voltage ramp (up to 220 V/cm) for 
accelerating short fragments, followed by a plateau, a voltage decrement, and, finally, a 
constant, lower voltage of 90-130 V/cm for the separation of longer DNA fragments. 
These electric field strength gradients, coupled to column temperatures of 60°C, allow 
extension of the reading length, with almost linear transit times, up to 800 bases. 

Quite a different platform for performing CAE is provided by microchips, 
micromachined and microfabricated devices (see Chap. 11). Two major procedures for 
preparing microchips should be mentioned here: one uses conventional photolithography 
on glass or silicon substrates [35] and the other utilizes molded plastic over a 
micromachined template [36]. Some of the polymers used for microchip fabrication are 
poly(dimethylsiloxane) [36,37] and poly(methylmethacrylate) [38]. Procedures for the 
fabrication of such devices have been reviewed by Kovacs et al. [39]. 


9.3 THE CAPILLARY 


One of the main inventions, which is at the heart of present CZE technology, was the 
development of the fused-silica column at the Hewlett-Packard Company in the late 1970s 
[12]. This invention changed the field of gas chromatography, where until 1978 glass 
capillaries were used, which were fragile and difficult to manufacture as separation 
columns. The discovery of fused-silica capillaries eliminated the intermediate step of 
using flexible quartz, which was developed in those days for fiber-optic production. The 
final decision of adopting silica columns came form the need for using the purest possible 
material: quartz still contained 60 ppm metal oxides, whereas their levels in fused silica 
was <1 ppm. The second major breakthrough was the development of an exterior coating 
process, allowing full flexibility of the silica material and column coiling without 
breakage. For this purpose, the previous rubber column coating was abandoned in favor of 
a thin coating of polyimide, characterized by its inertness, high strength, and good thermal 
capacity. 

Untreated fused silica consists of a number of different acidic surface silanols (see 
Fig. 9.3), which impart to its surface, when it is bathed under an electric field in any buffer 
above pH 2, some unique properties that dramatically affect separation efficiency in CZE. 
As shown in Fig. 9.3, there are at least three types of ionizing groups: isolated, vicinal, and 
geminal silanols. Interspersed among these ionogenic groups, one can envision inert 
siloxane bridges and highly acidic hydrogen-bonding sites [40,41]. The total density of 
ionogenic silanols on this surface is given as 8.31 x 10° M/m*, corresponding to about 5 
silanols per nm7. There has been a serious debate on the assessment of the pK value of such 
silanols. While Schwer and Kenndler [42] reported a pK of 5.3, data by Huang et al. [43] 
and Bello et al. [44] suggest that the pK value is in fact 6.3, i.e. one pH unit higher. This 
latter value is consistent with the fact that the point of zero electro-osmotic flow (EOF) is 
found at precisely pH 2.3 and with the fact that the EOF does not plateau before reaching a 
pH of ca. 10 in the electrolyte solution bathing the wall. The pK value of 6.3, however, 
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Fig. 9.3. Pictorial representation of surface silanols on a fused-silica capillary. At least three types of 
silanols can be envisioned: isolated, geminal, and vicinal, suggesting a microheterogeneity of pK 
values. (Reproduced from Ref. 12, with permission.) 


should be taken to represent a mean pK value and does not in itself exclude the existence 
of a spectrum of micro pK values centered on 6.3, as one would expect from the 
heterogeneity of silanol groups, depicted in Fig. 9.3. 

As a result of the progressive ionization of silanols at progressively higher pH values, 
an electro-osmotic flux is produced, increasing in magnitude from acidic to alkaline 
pH values until it reaches a plateau at a pH around 10. The electro-osmotic force in a 
capillary is produced by the electric field and transmitted by the drag of ions acting in a 
thin sheath of charged fluid adjacent to the silica wall (Chap. 7). The origin of the charge in 
this sheath is an imbalance between positive and negative ions in the diffuse double layer, 
extending for a few nm thickness away from the wall into the bulk solution. This excess of 
cations in the diffuse double layer is continuously carried away by the voltage gradient 
towards the cathode, where it migrates with its shell of hydration water: the macroscopic 
phenomenon observed is a net transport of liquid towards the cathode. As long as the 
electric field is applied, the EOF cannot cease, since the zeta potential (C) existing at the 
surface of shear (i.e. at the outer edge of the single stratum of counter-ions tightly clinging 
to the fixed negative charges on the silica) keeps regenerating the depleted excess of 
cations, which in turn are immediately harvested towards the cathode, in a endless and 
instantaneous depletion/replenishment cycle. The net liquid flux associated with the EOF 
can be quite strong. McCormick [45] has measured this flow-rate at different pH values 
and found that at pH 6 (when silanols are only about half ionized) it reaches 180 nL in a 
50-ym-ID capillary. This means that, in a number of applications with buffers at pH > 7, 
the entire liquid content of a capillary could be replenished in a couple of minutes of 
operation, depending on the voltage applied and on the actual pH value. A typical EOF 
profile of untreated silica wall is shown in Fig. 9.4; it should be noted that the increment 
from the residual minimum values in strongly acidic medium to the plateau value in 
alkaline milieus could be as high as one order of magnitude. The velocity of EOF is 
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Fig. 9.4. Mobility of the electro-osmotic flow as a function of pH of the buffer, bathing the silica wall. 


dependent on pH, ionic strength, buffer composition, and the chemical nature of the 
capillary wall. The reproducibility of the EOF is poor, particularly in the sigmoidal 
transition. This is due to the slow equilibration of the silica surface when cycling from 
alkaline to acidic conditions. This slow equilibration causes flux variations, which, in turn, 
affect run-to-run and day-to-day reproducibility of the transit times. 

One might wonder if it is possible to find different types of surfaces which do not 
contain ionogenic groups. This problem has been addressed by Wanders et al. [46] and by 
Van de Goor et al. [47], who proposed a method for the on-line determination of EOF by 
using an analytical microbalance capable of monitoring minute transports of liquid. By 
coupling these measurements to a precise assessment of streaming potentials, they were 
able to construct a curve relating variations of the zeta potential with the pH of the buffer 
bathing the capillary wall. These experiments were unique in that they were performed on 
a plastic material, consisting of polyfluorocarbon (a neutral material, by definition). Yet, 
even this surface exhibited a strong ¢ value, reaching a plateau of — 45 mV at pH ca. 10 
and reversing its sign to assume a value of 10 mV at a pH of ca. 3. Zeroing of the zeta 
potential was obtained at pH 3.5, which can be assumed to be a sort of “isoelectric point” 
of the wall. Later on, these data were confirmed by Schititzner and Kenndler [48], who 
demonstrated that essentially all plastic materials (polyfluorocarbon, polyethylene, 
polyvinylchloride, even polystyrene and polyurethane) would exhibit a ¢ value (reaching 
a plateau at — 60 mV and pH > 7), possibly due to either intrinsic, dissociating carboxyl 
groups (incorporated during polymerization) or to ions adsorbed on the wall (or perhaps to 
both mechanisms). 

Is EOF good or bad for a CZE separation or simply an “ugly” phenomenon one has to 
cope with? It depends. EOF is advantageous for the separation, in a single run, of basic, 
neutral, and acidic solutes. The separation of molecules based on differences in 
electrophoretic mobilities takes advantage of EOF, because this force, which influences 
the migration velocity and the direction of all analytes to the same extent, independent of 
their charge, modulates their transit times, a phenomenon which can be exploited to 
improve the separation. A case in point is micellar electrokinetic chromatography (MEC) 
(Chap. 7), which exploits a fine balance of opposite movements, those of the EOF towards 
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the cathode and those of the anionic micelles retromigrating towards the anode: this offers 
an ever-expanding separation time window for sorting out uncharged compounds [49]. 
Thus, EOF is generally well accepted and most often exploited for the analysis of small- 
molecular-mass migrants. However, when dealing with macromolecules, especially DNA 
and proteins, it is a most unwanted phenomenon, since it impairs their separation. This is 
particularly evident with peptides and proteins which, due to their amphoteric character, 
can often be irreversibly adsorbed on the silica surface, even when present in solution 
above their pI value, which ought to ensure a net negative surface. Yet, even in this last 
case, regions of a polypeptide chain rich in positive charges can still stick to the negative 
charges on the silica wall. (It should be recalled that, to ensure a negative charge on a 
protein surface, one should generally work at quite high pH values, which, in turn, will 
automatically generate a maximum ionization of silanols, allowing co-operative binding 
with any positively charged stretch on a proteinaceous surface.) 


9.4 HOW TO MODULATE THE EOF 


For all the reasons given above, it is often necessary to modulate or even fully suppress, 
the EOF. There are several ways to control partially or fully the EOF and an unwanted 
adsorption of analytes: buffer changes and additives, use of organic solvents, adsorption 
of neutral and/or charged polymers (including surfactants) on the wall, and use of 
chemically bonded phases. Each technique has some merits and limitation, which will be 
evaluated below. 


9.4.1 Buffer changes and additives 


Quite a few research groups [50-52] have observed that the mobility of EOF (1.,) is 
inversely proportional to the buffer concentration and that a plot of log concentration 
Versus [eo is linear. Conflicting reports on the effect of the buffer composition on EOF 
were resolved by VanOrman et al. [53] who noted that all buffers, independent of their 
chemical nature, would have the same effect on the EOF, provided that data were 
expressed not in terms of buffer molarity, but in terms of prevailing ionic strength at a 
given pH. Isoionic strength plots demonstrated that all buffers would indeed quench EOF 
in the same way. The same authors confirmed that viscosity increments would quench 
EOF in the same fashion, independent of the type of viscous agent added [54]. 

Also, the buffer cations seem to have an important role in modulating peo. According to 
Atamna et al. [55] and Issaq et al. [56], in the series of monovalent cations, Li, Na, K, Rb, 
and Cs, the quenching of |1., seems to be directly correlated to the atomic radius: the larger 
it is, the higher is the effect of the cation in reducing beg, Cs being the most, and Li the 
least, effective. It is hypothesized that the larger cations are more strongly adsorbed on the 
silica wall, thereby altering its charge and effectively reducing the EOF. Similar results 
were obtained by Green and Jorgenson [57], who used alkali cations for minimizing 
protein adsorption on the bare silica. Interestingly, the same inorganic, monovalent cations 
(Li, Na, K, Rb, Cs), when present in the Debye—Hiickel layer of DNA, were found to have 
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an opposite effect on DNA migration [58]. Its free mobility was seen to increase from Li- 
to Cs-equilibrated DNAs, since the last cation, having a weaker surface-charge 
distribution and a greater physical size (in the nonhydrated state), is more loosely 
bound to the DNA helix, thus providing less screening of its negative charges. 

Another way of manipulating EOF and reducing analyte interaction with the silica wall 
is to add amines to the background electrolyte. Nahum and Horvath [59] first 
recommended them as additives to the mobile phases in reversed-phase chromatography 
of ionogenic substances, in order to suppress the untoward effect of the residual unmasked 
silanolic groups in the stationary phase. Amines make up a vast number of such 
compounds, e.g., mono-amines, such as triethylamine and propylamine [60,61], morpho- 
line [62], glucosamine and galactosamine [63], N,N-diethylethanolamine, N-ethyldietha- 
nolamine, triethanolamine [64], ethanolamine [65], hydroxylamine, ethylamine [66], as 
well as the quaternary tetramethylammonium chloride [67]. Among the di-amines, there 
are 1,3-diaminopropane [68], 1,4-diaminobutane (putrescine) [69], 1,5-diaminopentane 
(cadaverine) [70], ethylenediamine [71], N.N,N.N' -tetramethyl-1,3-butanediamine [72], 
and the a,w-bis-quaternary ammonium alkanes, such as hexamethonium [73] and 
decamethonium bromides [74]. In the family of oligo-amines, we may mention 
diethylenetriamine and triethylenetetramine [75], N,N'-bis(3-aminopropy]l)1,4-butane- 
diamine (spermine) [66], and 1,4,7,10-tetraazocyclodecane (cyclen) [76]. Finally, among 
the polyamines, we may list chitosan [77], polyethylenimine [78,79], and polydimethy- 
lallyl ammonium chloride [80]. These dynamic wall modifiers have recently been 
re-evaluated by Verzola et al. [81], who could derive a scale of relative potencies. They 
specified two values for molarities: a value at 50% (a kind of a dissociation constant) and a 
value at 90% inhibition of binding of macromolecules to the silica surface. According to 
these figures of merit, mono- and diamines are rather poor quenchers of interaction with 
the wall, since the 50% values are of the order of 50-100 m&M and the 90% values go as 
high as 560 mM. On the contrary, oligo-amines, especially spermine and tetraethylene- 
pentamine (TEPA) are most effective, since the 50% molarities are in the sub-millimolar 
range and the 90% values are of the order of ca. | mM. 

Another way of controlling EOF (without altering the buffer conductivity) is to add 
zwitter-ions to the running buffer. Ideally, such zwitter-ions should have a large ApK, so as 
to be isoelectric over the pH 3-10 range. Petersen and Merion [82] have proposed a 
number of such compounds: trimethylammoniumpropy] sulfonate, triethylammonium- 
propyl sulfonate, and tripropylammoniumpropyl sulfonate. A similar approach was 
adopted by Zhu et al. [83], who suggested a number of zwitter-ions (called Z4A, Z6C, and 
Z6O, and described as “experimental multi-component mixtures of amphoteric species’’) 
for quenching protein interaction with the silica surface. Zwitter-ionic buffers have also 
been proposed for protein analysis by Bushey and Jorgenson [84] and by Chen et al. [85]. 

The solvent can also have an important role in modulating .4. According to Camilleri 
and Okafo [86], even replacement of water by deuterium oxide can lower the EOF, since 
the latter compound has a higher viscosity (1.23 times greater) and an ionization constant 
one order of magnitude lower than water. Binary mixtures of water and a protic (methanol, 
ethanol, 2-propanol) or aprotic dipolar solvent (acetonitrile, acetone, dimethyl] sulfoxide), 
all in a 1:1 (v/v) ratio, substantially lower the EOF and the ¢ value by shifting the pK of 
silanols to higher pH ranges [42]. In addition, organic solvents have a unique effect on 
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MEC, in that they can be used to manipulate selectivity by decreasing the polarity 
of the mobile phase and thus altering the partition coefficient of analytes in the micellar 
phase [87]. 


9.4.2 Adsorbed polymers 


A number of substance can be adsorbed on the silica wall through electrostatic 
interactions and/or hydrogen bonding. Moreover, when acidic protons of silanols are 
replaced by an appropriate Si-aryl group, the surface becomes hydrophobic and can thus 
adsorb substances through hydrophobic interactions. If the wall adsorbs a neutral polymer, 
EOF can be substantially reduced and the solutes may be sterically prevented from coming 
into contact with the wall and from being adsorbed; when cationic surfactants are added to 
the separation buffer in a hydrophobically derivatized capillary, the charge on the surface 
will be changed from negative to positive and the EOF direction reversed. We will here 
briefly review the behavior of two major classes of adsorbed compounds: neutral polymers 
and surfactants. 

Although anionic, cationic and zwitter-ionic polymers have also been described as 
potential additives for inhibiting protein interaction with the silica wall, we will limit this 
digression to neutral polymers, which can be divided into two classes: 

(a) Neutral, hydrophilic polymers. They are typically, but not exclusively, bonded to 
the silica wall. Among them are: polyacrylamide [88], poly(acryloylaminoethoxy 
ethanol) [89], poly(acryloylamino propanol) [90], celluloses and dextran [91-94], 
poly(vinyl alcohol) [95,96]; epoxy polymer [97-99], poly(ethylene-propylene 
glycol) [100,101], poly(ethylene oxide) [102], poly-N-(acryloylaminoethoxy)ethyl 
B-b-glycopyranoside [103], poly(glycidylmethacrylate-co-N-vinylpyrrolidone 
[104], cross-linked poly(vinyl] alcohol) [105], and epoxy-poly(dimethylacrylamide) 
[106]. 

(b) Neutral, hydrophobic polymers: cellulose acetate [107], polytetrafluoroethylene 
(PTFE) [108], polydimethylsiloxane [109], and highly cross-linked poly(styrene- 
divinylbenzene) [110]. The latter forms a “tube-in-the-tube” structure, but it is so 
hydrophobic that it must be rendered hydrophilic with a second layer of, e.g., 
polyoxyethylene oligomer. 

A broad review covering all aspects of polymer wall coating has recently been published 
by Horvath and Dolnik [111]. A number of neutral polymers, used as potential quenchers 
of protein binding to the silica wall, were evaluated by Verzola et al. [112]. The data for 
the polymers studied show a very similar behavior for all, independent of the length and 
hydrophilicity/hydrophobicity of the different molecules. Contrary to data obtained in the 
case of amines, where an exponential decay is observed at increasing amine 
concentrations, here only ca. 50-60% inhibition of binding is obtained at the lower 
levels of polymers used. Nothing is gained when augmenting their amounts in solution, 
and a plateau level is quickly reached. The only polymer that shows higher inhibition 
(ca. 85%) is poly(dimethylacrylamide) (DMA), which was the only hydrophobic polymer 
of the series tested [112]. 
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9.4.3 Adsorbed surfactants 


Although a number of publications have dealt with adsorption of both, anionic [e.g., 
sodium deoxycholate and sodium dodecylsulfate (SDS)] [113,114] and cationic [115,116] 
surfactants, these compounds are generally not optimal, due to their strong denaturing 
activity on proteins. Neutral and/or zwitter-ionic surfactants are much milder to proteins, 
and only these will be considered here. In the case of neutral detergents, and of their 
potential interactions with the silica wall, the strategy adopted by, e.g., Town and Regnier 
[117] and Ng et al. [75,118], has been a coating mediated by hydrophobic interaction. The 
idea was to sequester covalently many of the surface silanols with octadecyl- or 
dimethylsilane and then to coat dynamically the hydrophobic surface of the column via 
nonionic surfactants. It had, in fact, previously been shown in RP-HPLC that such species 
are stereospecifically adsorbed on hydrophobic surfaces and create a hydrophilic surface 
layer [119]. Alkyl groups of the surfactant are directed into the alkylsilane layer, while the 
hydrophobic portion of the surfactant projects into the aqueous phase, thus shielding the 
surface from the approach of proteins. Adopting the strategy of hydrophobically mediated 
binding of surfactant to the treated silica wall, mostly the Tween (20, 40, 80) and Brij (35, 
78) series were studied, although other reports have dealt with pluronic surfactants [118, 
120]. Only in a few cases direct adsorption of neutral compounds (notably Triton X-100) 
on uncoated capillaries has been studied, but more in terms of their effect on the electro- 
endo-osmotic flow rather than of their potential capability of impeding analyte adsorption. 

Recently, Castelletti et al. [121] have evaluated the efficacy of adsorbed neutral and 
zwitter-ionic surfactants in modulating EOF, by the procedure described by Verzola et al. 
[81,112]. It was shown that neutral surfactants are rather poor quenchers of protein binding 
to the wall and that 90% adsorption inhibition can be obtained at only very high levels 
(10%) of these species in solution. Such levels are unacceptable, since, among other 
problems, the solution viscosity becomes very high and handling of solutions becomes 
problematic. Among all the neutral surfactants, only Tween 20 appears to exhibit a 
reasonable inhibitory power, since it is already quite effective at a 3% concentration. On 
the contrary, zwitter-ionic surfactants exhibited much higher efficacy (except for SB-10, 
which resembles Tween 20) than that of the neutral surfactants, the best compound 
appearing to be the most hydrophobic one, SB-16. 

As a general conclusion about all the data on dynamic coatings, it would appear that the 
efficacy of all such additives is closely related to their hydrophobicity [122]. This is quite 
clear in the case of amines, where the CH,/N ratio seems to be the dominant factor [81] 
and it is apparent in the case of neutral polymers, where the most effective one was found 
to be poly(V,N-dimethylacrylamide) (quite a hydrophobic polymer) [112]. It is also true 
for the detergents, where it was clearly demonstrated that the shielding efficacy of 
surfactants closely follows a hydrophobicity scale [121]. But why should hydrophobic 
interaction occur between such a hydrophilic surface as silica and hydrophobic 
compounds approaching it? The mechanism of adsorption, at least in the case of polymers 
and surfactants, could be driven primarily by residual Van der Waals interactions. 
Although these interactions are extremely weak (they decay exponentially at the rate of 
1/r®) [123], the situation could be more complex than that. This decay refers to 
interactions between two point-like objects. When dealing with two surfaces (silica on 
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one side, polymers on the other) the rate becomes 1/r >| thus indicating a much stronger 
interaction. Therefore, it is quite possible that the mechanism of adsorption of polymers 
and surfactants on silica is driven by such residual Van der Waals forces and is then 
amplified by additional interaction mechanisms, once such compounds are deposited on 
the silica surface. Such interactions could be hydrophobically driven, but in the sense that 
they are vectorially oriented parallel to the silica surface, i.e. they occur among the various 
polymer molecules deposited on the surface, interlocking them via precisely hydrophobic 
bonding. Thus, layers of polymers and surfactants could build up on the silica surface, 
preventing or minimizing adsorption of proteins and peptides. 


9.4.4 Covalently-bonded phases 


Extensive reviews on this (as well as on most types of coatings) can be found in the 
papers of Chiari et al. [124] and of Horvath and Dolnik [111]. These phases could be 
simple organic molecules or polymeric material. In the first category, Swedberg [125] 
reported a coating composed of arylpentafluoro groups, Bruin et al. [126] maltose-bonded 
phases, Dougherty et al. [127] Cg and Cig functionalities, and Capelli et al. [128] the 
Immobiline chemicals (acrylamido weak acids and bases). Of greater interest are 
polymeric coatings, since they should afford better coverage of the silica surface and thus 
better shielding of peptide/protein analytes. As early as 1985, Hjertén [88] proposed 
coating the inner surface of the capillary with covalently bonded polyacrylamide strings. 
He used a bifunctional chemical, Bind-Silane [(y-methacryloxypropyl)trimethoxysilane] 
as a bridging agent [129]. Subsequently, Ganzler et al. [130] modified this coating by 
polymerizing onto it an additional hydrophilic layer, composed of polysaccharides (e.g., 
dextran). A further improvement came from Cobb ef al. [131], who substituted the 
siloxane bridge (labile even under mild alkaline conditions) with a stable, direct Si-C 
linkage, obtained via a Grignard reaction. The hydrophilicity of this coating has been 
markedly improved by substituting acrylamide with N-acryloylaminoethoxy ethanol [89] 
or with N-acryloyl aminopropanol [90], the last two monomers exhibiting also an 
extraordinary resistance to hydrolytic attack on the amido bond. The last-mentioned 
coatings guaranteed a reduction of the EOF by at least two orders of magnitude and were 
stable for > 300 runs [90]. 

Although the main classes of coatings described so far are of two types, static or 
dynamic, there seems to be a third category emerging: dynamic coatings which become 
permanent. Recent reports have described this novel class of coatings, which exhibit the 
peculiar habit of first binding dynamically to the wall, via transient hydrogen and ionic 
bonds, to produce a covalent bond. This peculiar class of molecules belongs to a family of 
mono-quaternarized piperazines, the first one synthesized being an M(methyl-N-w- 
iodobutyl),N’-methylpiperazine. It is hypothesized that at pH values above 7, three 
different types of bonds with the silica wall occur: (a) an ionic interaction with the 
quaternary amine; (b) a hydrogen bond interaction via the tertiary amine (deprotonated), 
and (c) a covalent link via reaction between the silanol on the wall and the terminal iodine 
molecule on the alkyl chain [132,133]. Unique separations of proteins/peptides and other 
organic molecules have been reported with this [134,135]. This class of compounds is 
dealt with in more detail in Chap. 15. 
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9.5 THE BUFFERS 


Although we have described buffer additives in previous sections (e.g., Sec. 9.4.1), here 
we must mention the various types of buffers that can be adopted in CZE and their basic 
properties. Buffers provide a conductive medium through which charged analyte 
molecules can migrate freely in an electric field; in addition, they provide selectivity by 
allowing manipulation of analyte mobility. The quality of a separation is dependent on the 
running current and the resulting Joule heating inside the capillary, whereas the 
reproducibility of a series of analyses is dependent on the buffering power of the chosen 
buffer at a given pH. Many different factors must be considered in choosing a good buffer, 
the most important being the ionic strength (conductivity) and the UV absorbance at low 
wavelengths (190-220 nm). An extensive chapter on buffer properties can be found in 
Ref. 54. The theory of CZE and how the mobility of analytes can be influenced by charge 
and by variation of pK values has been presented by Kenndler [136]. The type of solvent 
can also considerably influence migration and selectivity in CZE; a whole new field of 
CZE analyses is based on the use of nonaqueous solvents [137]. An entire issue of 
Electrophoresis has recently been devoted to these aspects [138]. 

Buffers used in CZE should provide good pH stability so that the pH does not increase 
or decrease due to ion depletion during a series of analyses, e.g., up to 5 h of continuous 
operation. This implies that they have a good buffering capacity and are used within their 
buffering range. The acceptable buffering range can be determined as follows. If a weak 
protolyte is titrated within +0.572 pH units on either side of its pK value, its buffering 
power should still be 2/3 of the maximum (centered at pH = pk). If one sets a reasonable 
lower limit for a useful buffering power at 1/3, this can be found at 0.996 pH units on 
either side of its pK value [139]. With this definition of an acceptable buffering power, the 
buffering range of a monoprotic weak protolyte becomes 2 pH units, although, whenever 
possible, one should limit this to only 1 pH unit across the pK value, for a more robust 
buffering power. The ionic strength and molar concentration of any buffer should also be 
sufficiently high to prevent pH drift due to the accumulation of opposing ions at the anode 
and cathode. 

Table 9.1 lists the buffers most widely used in CZE, together with some of their 
important properties. It is worth recalling here some general properties of buffering/ 
titrating ions that can greatly affect the separation quality and selectivity: 

(a) Oligoprotic buffers: an anion like citrate, a tricarboxylic acid and strong 

chelator, can strongly ion pair with some analytes (e.g., Lys/Arg-rich peptides) 
[140]. 

(b) Borate buffers interact strongly with molecules which contain polyhydroxyl 
groups, such as glycols, phenols, and saccharides [141,142]. This borate 
complexation imparts a charge on otherwise neutral carbohydrates, so that they 
will migrate in an electric field. 

(c) An increase in the size of the counter-ion (non-buffering ion), in the case of 
monovalent cations, results in an increase in buffer conductivity and a decrease in 
electrophoretic mobility and EOF (eo: Lit > Nat > K* > Rb* > Cs*) [143]. 
In addition, the type of cation can strongly reduce the adsorption of analytes 
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TABLE 9.1 


BUFFERS MOST FREQUENTLY USED IN CZE 


Buffer pK, (20°C) Range Abs* (mAU) (200/220 nm) 
Phosphate a 2.12 1.6-3.2 100/50 

b 7.21 5.9-7.8 1200/50 

c 12.32 10.8—13.0 
Citrate a 3.06 2.1-6.5 > 3000/2600 

b 4.74 2.1-6.5 

c 5.40 2.1-6.5 
Formate 3.75 2.6-4.8 > 3000/2600 
Succinate a 4.19 3.2-6.6 > 3000/> 3000 

b 5.57 3.2-6.6 
Acetate 4.75 3.4-5.8 2500/900 
Acetate/triethylamine 4.75 3.4-5.8 2200/750 

10.72 10.0-11.5 

MES! 6.15 4.9-6.9 2100/190 
BES? 715 5.9-7.9 2800/1000 
Carbonate a 6.35 6.2—10.8 1250/40 

b 10.33 6.2-10.8 
Mops? 7.20 5.9-7.9 - 
Tris 8.3 6.6-8.8 1750/10 
Bicine 8.35 TA-9.2 > 3000/> 3000 
Borate 9.24 8.0-10.5 300/50 
CHES* 9.50 8.6—10.0 2600/700 
CAPS? 10.4 9.1-11.1 2700/740 
Triethylamine 10.72 10.0-11.5 - 


1 = 2-(N-morpholino)ethanesulfonic acid; 2 = N,N-bis(2-hydroxyethyl)-2-aminoethanesulfonic 
acid; 3 = 3-(N-morpholino)propanesulfonic acid; 4 = 2-(N-cyclohexylamino)ethanesulfonic acid; 
5 = cyclohexylaminopropanesulfonic acid. 

* Absorbance values at buffer concentrations of 40 mM, 1-cm path length. 


(proteins) on the wall [57]; Cu’? and Zn** can enhance peptide resolution via 
chelation [144]. 

(d) An increased buffer molarity is, in general, beneficial, since it will act to enhance 
competitive ion pairing of buffer cations with the sample molecules at the 
capillary wall, thus diminishing sample adsorption [85]. However, these benefits 
may be outweighed, if the ionic strength exceeds a safety value, by the increased 
sample dispersion that occurs due to excessive Joule heating [56]. When an 
Ohm’s law plot (current vs. voltage) starts deviating from linearity, the voltage 
drop over the capillary should not be increased any further. In addition, at equal 
molarities, oligoprotic buffers will give substantially higher currents than 
monoprotic species. 


384 Chapter 9 


(e) Phosphate buffers seem to have a unique effect on the capillary wall. It has been 
reported [45,145] that the phosphate ion reacts chemically at low pH with silanol 
groups to form a phosphate ester (Si-O—HPO,). The phosphate group is bound to 
the capillary by flushing with a 1% solution of phosphoric acid for 15 min and can 
be removed by rinsing the capillary with 1 N KOH. This altered surface has a 
smaller ionic binding affinity for polycationic analytes (e.g., peptides). 

(f) The use of amine buffer salts, such as tris-(hydroxymethyl)aminomethane (Tris), 
2-(N-morpholino)ethanesulfonic acid (MES), N-2-hydroxyethylpiperazine-N -2- 
ethanesulfonic acid (HEPES) and oligo- or polyamines can induce a strong 
interaction with the wall, in some cases dynamically coating it. Chiesa and 
Horvath [146] have demonstrated the use of triethylammonium phosphate in the 
pH 2.5-3 range, for the separation of polysaccharides; in this buffer, the EOF 
could be controlled and even reversed. Good’s buffers (amphoteric), alone or in a 
mixture, titrated around the pK value of the amino group with a weak counter-ion, 
often provide excellent separations due to their low conductivity, allowing 
delivery of high voltages [147]. 

(g) Amphoteric buffers, used as the sole ionic species at their isoelectric points, can 
have a unique effect on the separation of peptides and oligonucleotides, due to 
their very low conductivity and high buffering capacity [148-155]. They should 
not be confused with Good’s buffers, which are very bad if used as isoelectric 
species (i.e. in the absence of a titrating ion). They are dealt with in extenso in 
Chap. 15. 


9.6 MODES OF OPERATION 


It is generally agreed that there are four main modes of operating in capillary 
electrophoresis: open-tube (free solution) CZE; isoelectric focusing (IEF); CZE in 
sieving liquid polymers, and isotachophoresis (ITP). We will briefly review these aspects 
below. 


9.6.1 Open-tube capillary zone electrophoresis 


In this mode, the capillary is filled with just plain buffers (with suitable additives, when 
necessary, provided that they are not polymeric or micellar phases) and the separation is 
conducted by exploiting the differential mobility of the analytes, as dictated, as a first 
approximation, by their charge-to-radius ratio (for small analytes). It is of interest to note 
that the liquid is maintained in the capillary tube by virtue of the anticonvective nature of 
the wall. On slabs or flat plates, the liquid would flow off; hence, a gel is necessary for 
maintaining the liquid on the plate, even if the porous network is not needed, per se, in the 
separation process. It should also be recalled here that the liquid becomes more difficult to 
maintain in the electrophoretic space as the surface-area-to-volume ratio decreases, i.e. in 
wider tubes. Thus, even small differences in the height of the two ends of a 200-jm-ID 
capillary could cause bulk liquid flow due to the small pressure drop. In free-solution CZE, 
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as long as there is a zeta potential at the walls of the capillary and the resistance to flow is 
not significant, when an electric field is applied, bulk flow will occur, which is called 
electro-osmotic flow (cf. Secs. 9.3 and 9.4). The velocity, v, of this flow can be expressed 
as: 


v = (€CE)/ 


Where € and 7x are the permittivity and viscosity of the solution, respectively, ¢ is the zeta 
potential at the wall, and E is the electric field strength (in V/cm). Thus, the bulk flow 
increases in direct proportion to the applied field. In addition, since y decreases by ca. 2% 
and the apparent electrophoretic mobility increases by ca. 2% for each degree centigrade, 
one needs a good column temperature control for achieving reproducible runs. An 
important characteristic of EOF, though, is that it is plug-like rather than parabolic, as is 
common for pressure-driven flow. In the case of “bare” fused-silica capillaries, moreover, 
bulk flow will occur toward the cathode, since the wall surface will be negatively charged. 
Thus, in principle, not only positively, but also negatively charged species will move in the 
same direction past the detector, provided that the mobility of the negatively charged 
species does not exceed the EOF. 

There are innumerable examples of open-tube CZE in the literature. One application 
that is gaining interest is in clinical analysis [156-159], e.g., the detection of normal and 
abnormal compounds in serum, urine, and cerebrospinal fluid. Clinical applications are 
published for the analysis of serum proteins and abnormal metabolites [160]. 
Immunoassay detection has also been shown to operate successfully in CZE [161], and 
the future of this approach appears bright. Since antibodies and competitors can be 
fluorescently labeled and detected by laser-induced fluorescence (LIF), exquisitely low 
detection levels are possible, at the level of attomoles to zeptomoles. Indeed, single- 
molecule detection by LIF has been claimed [162]. 


9.6.2 Capillary isoelectric focusing 


Capillary isoelectric focusing (cCIEF) stems from the analogous techniques, and know- 
how has been developing since the early seventies for both the gel tube and slab formats 
[163], by exploiting soluble carrier ampholytes (CAs). Only CA-IEF has been developed 
so far, the technique of IEF in immobilized pH gradients (IPGs) [164] being not so readily 
amenable to miniaturization in a capillary format. In its usual gel strip configuration, IEF 
(especially with IPGs) is widely adopted as the first dimension for two-dimensional (2-D) 
slab gel electrophoresis, the second dimension being a molecular mass separation by 
means of SDS/polyacrylamide gel electrophoresis (SDS-PAGE). The method is very 
important in cell component analysis, protein expression, and proteomics [165]. IEF has 
been extensively reviewed [166-178]. There are different ways of performing cIEF: in 
covalently coated capillaries and in dynamically coated tubes. In the former system, due to 
suppression of EOF, the focused stack of carrier ampholytes and proteins is arrested; thus, 
ways must be found to mobilize the stack past the detector. A number of procedures can be 
adopted: 

(a) applying a mechanical pump to the capillary and generating a hydrodynamic flow 

(at the end of the IEF process) (pressure as well as vacuum elution); 
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(b) replacing the base at the cathode with acid or the acid at the anode with base; 

(c) salt mobilization. 

This latter technique has attained wide popularity. When a salt (e.g., NaCl) is added to the 
anolyte, mobilization will be towards the anode; conversely, if added to the catholyte, the 
train of bands will be eluted at the cathode. In general, the time required for mobilization is 
ca. 15 min at 360 V/cm. During mobilization, the current, which has reached a minimum 
at the end of the focusing stage (typically 1 A), rises again to as high as 50 WA. It is 
during mobilization that the train of zones, titrated away from the pI by the cations or 
anions (other than protons or hydroxyl ions), enters the tube from one of the electrode 
reservoirs, transits in front of the detector, and is registered as a spectrum of bands. 
Alternatively, in the absence of elution, the whole train of focused protein bands can be 
visualized in situ, in straight, optically transparent capillaries, via optical absorption (with 
a linear photodiode array or a CCD camera) refractive-index gradient (schlieren 
shadowgraphy), or fluorescent imaging (LIF detector) [179]. In the dynamic coating 
approach, rather than eliminating EOF completely, one may try to reduce it to such an 
extent as to allow attainment of steady-state conditions; from there on, the bulk flow would 
keep mobilizing the “arrested” stack past the detection window. This approach would then 
obviate the need for performing salt, vacuum, or hydrodynamic mobilization, focusing and 
elution being accomplished in one step. A simple way to modulate EOF is to add viscous 
polymer solutions, such as methyl] cellulose, hydroxypropylmethy] cellulose, polyvinyl 
alcohol, polyvinyl pyrrolidone, poly(dimethylacrylamide) (cf Sec. 9.4.2) or even 
surfactants (cf. also Sec. 9.4.3) [180]. 

A vast body of applications of cIEF exists; here, we will show just some selected 
examples, where the resolving power is maximized by resorting to narrow, non-linear pH 
gradients. With umbilical cord blood, where only 3 major hemoglobin (Hb) components 
are present (Hb F, Hb A, and the acetylated Hb F, F,.), one can screen for thalassemia, 
provided a good separation is obtained between Hb A and Hb F,.. This is difficult because 
differences in pI values are minute. In order to improve the separation, the pH 6-8 
Ampholine was mixed with an equimolar mixture of “separators”, namely 0.2 M B-alanine 
and 0.2 M 6-aminocaproic acid, which would flatten the pH gradient in the focusing region 
of Hb A, Hb F, and F,,. [181] (Fig. 9.8). Using the same principle, Conti et al. [182] have 
also attempted an IEF separation of HbA from Hb A,, (the glycated form of Hb A), the 
latter component being of diagnostic value for the long-term control of diabetic patients 
(Fig. 9.9). This was a challenging separation, since the pI difference between these two 
species is barely 0.01 pH unit. Of course, flat pH gradients will produce high resolution, 
but at the expense of the number of peaks that can be resolved. At the opposite extreme, for 
complex sample mixtures, one may wish to combine an acceptable resolution with a high 
peak capacity. This seems to have been achieved in proteome analysis by Smith ef al. 
[183], who have reported the use of a wide pH (3-10) gradient and 50-cm-long capillaries 
for the resolution of ca. 210 peaks from the lysate of Deinococcus radiodurans. When the 
sample is not so terribly complex, the eluate from cIEF can be injected directly into a mass 
spectrometer (in the present case, a Fourier-transform ion-cyclotron-resonance machine). 
Smith’s group [184] developed automated data analysis software which allows the 
visualization of the results in a 2-D format. The 2-D displays are produced by plotting 
molecular mass vs. scan number, which is correlated to protein pl. 


Capillary Zone Electrophoresis 387 


9.6.3 Capillary zone electrophoresis in sieving liquid polymers 


As practiced in the slab-gel format, electrophoresis is predominantly a size-based 
separation method. This can be seen in the two major applications of the technique: 
(a) DNA separation and analysis and (b) SDS-PAGE sorting-out of proteins. In the case of 
DNA, the electrophoretic mobility, above the critical size of 400 bp in length [185], has 
been shown to be independent of base number for both single- and double-stranded DNA. 
This is a general consequence of the compensation of additional charge from the 
phosphate group by the mass of each nucleotide added. In the case of proteins, it has been 
shown that fully unfolded proteins will add a fixed amount of SDS per unit mass of protein 
(in general 1.4 mg SDS per mg protein) [186]. As a consequence, the charge-to-mass ratio 
is (nearly) constant and the electrophoretic mobility will be constant in free solution. 
Initially, it seemed logical to use cross-linked, gel-filled matrices in CZE [187]. However, 
it was soon found that cross-linked gels were too rigid and could not respond properly to 
stresses caused by temperature, ionic strength, or pressure, when poured into a capillary. 
The next logical step was therefore to adopt polymers in a non-cross-linked format [188], 
particularly since earlier work on slab gels had shown that sieving was possible with 
entangled polymers [189]. For DNA analysis, in general, the best polymers affording the 
highest resolution, up to 500 bases, in sequencing belong to the family of polyacrylamides. 
Since DNA separations by CZE are dealt with in Chap. 19, we will not mention them here. 
Suffice it to say that extensive reviews exist (see, e.g., [190]) and that the principles of size- 
based separations for DNAs in polymer solutions have been amply covered [191-196]. 
The unique separating capability of entangled polymers is exemplified by Fig. 9.5, which 
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Fig. 9.5. Capillary zone electrophoresis of the 1 kb DNA ladder. Conditions, 39 cm-long-capillary of 
100 pm ID; 100 mM Tris-borate buffer (pH 8.2) and 2mM EDTA, containing 10%T poly(AAEE) 
(at 0O%C); sample injection, 3 sec. at 4000 V; run, 4000 V at 8.8 A; detection at 254 nm. Water’s 
Quanta capillary unit with forced-air cooling. The numbers on each peak represent the fragment 
length (Reproduced from Ref. 197 with permission). 
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shows a representative run of DNA fragments in a novel poly(N-acryloylaminoethoxy- 
ethanol) (AAEE) polymer, offering excellent resolution up to at least 12,000 bp [197] 
(Fig. 9.5). Although for DNA analysis most polymers work quite well, for SDS/protein 
complexes, which are preferably monitored at 210 nm (a region of higher sensitivity for 
protein/peptide detection), polyacrylamides are not the polymers of choice, due to their 
rather strong absorbance at this wavelength. Preferably, UV-transparent polymers should 
be utilized [130,198]. As in the case of DNA analysis, a coating on the fused-silica 
capillary seems to offer better reproducibility, particularly in the screening of complex 
samples. The molecular mass of the proteins can be estimated within 10%, using this 
approach [199]; thus MS is clearly the method of choice when one needs correct molecular 
mass (Mr) values [200]. If one needs higher detection sensitivities than afforded by 
210 nm monitoring, one can resort to labeling with fluorescent dyes. Sweedler et al. [201] 
have visualized trace levels of peptides via LIF detection after labeling them with Texas 
Red [202,203]. 


9.6.4 Capillary isotachophoresis 


In isotachophoresis (ITP), a sample is separated in a discontinuous electrolyte system, 
formed by leading and terminating electrolytes [204]. In simple terms, the leading 
electrolyte contains the ion with the highest mobility, whereas the terminating electrolyte 
contains the species with the lowest mobility. When a sample is injected in between the 
leading and terminating electrolytes, the ions with intermediate mobilities will migrate 
isotachophoretically and create typical stacked isotachophoretic zones with sharp 
boundaries. The first real exploitation of this principle, in biochemical analysis, came 
from the work of Ornstein [205] and Davis [206], who developed disc electrophoresis. In 
that technique, the first part of the electrophoretic path, that occurring in the sample and 
stacking gels, consisted of an isotachophoretic race track. This had two extraordinary 
results: it provided an incredibly effective concentration of the macromolecular analyte 
(which had to adjust its molarity to that of the leading ion), of the order of 3 to 4 orders of 
magnitude, and it prevented boundary decay (a self-sharpening effect efficiently 
counteracting diffusion phenomena and peak-spreading). Too good to be true! In fact, 
there was a price to pay: as long as the ITP train was kept as such, detection of individual 
peaks, as the train zoomed past the UV detector, was very nearly impossible: there was no 
solution of continuity in between the separated zones, since no vacuum of ions could 
possibly be permitted, so that the position of peaks and their total number could not be 
estimated with certainty. Ornstein and Davis were aware of these shortcomings, and 
therefore, on purpose, they ran the train off the tracks, i.e. they ran it into a sieving gel in 
which each macromolecular species would now move according to both size and charge; 
the ITP run was thus abolished and the movement continued in the zonal mode, with 
individual analyte peaks separated by a zone of pure buffer components. Modern CZE 
analysis followed the same fate: Today, almost nobody utilizes ITP as a separation 
mechanism per se, i.e. by maintaining the entire run under the ITP principle. ITP is used 
only for handling relatively large sample volumes and for the separation and concentration 
adjustment of individual components, thus providing an ideal sampling method for CZE 
separations in the form of short zones with sharp boundaries. During the CZE step, the 
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individual components will have to leave the stack and migrate independently with 
different velocities in the background electrolyte. There are many examples of the use of 
ITP as a transient step for concentrating a trace analyte above the detection limit. For 
instance, Tomlinson et al. [207-209] developed a unique method for loading, cleaning up, 
and separating peptides by using moving-boundary transient ITP conditions for membrane 
pre-concentration in small-diameter capillaries. This strategy worked very well for 
interfacing the CZE eluate with tandem MS for peptide sequencing. Plenty of other data on 
cITP can be found in a recent special issue of Electrophoresis [210]. 


9.6.5 Two-dimensional separations 


Although this is not, strictly speaking, a modus operandi for CZE, we will deal with it 
here, since it bears some resemblance to the topics outlined above. In Sec. 9.6.2, we quoted 
Smith’s work [183], displaying in a 2-D format the results of a cCIEF separation, coupled to 
MS detection. This is, in fact, a typical example of coupling two procedures [211]. Yet, a 
true 2-D map, resembling the classical ones generated in proteome analysis [165], can also 
be generated in the CZE format, by coupling on-line liquid chromatography (LC) with 
CZE. The first comprehensive coupling of LC with CZE was achieved as early as 1990 by 
Bushey and Jorgenson [212]. For the first separation they utilized RP-LC, the LC column 
being 1-mm-ID and 25 cm long, operated under gradient conditions. The key part of the 
coupling was an electrically actuated six-port valve, fitted with a 10-wL loop. To be sure, 
this was not an easy job: peak elution volumes from the LC column were 20-40 pL, 
whereas the injection volumes for CZE capillary were of the order of nanoliters. Thus, 
only representative portions of the eluate could be transferred to the CZE capillary. The 2- 
D data were displayed as both a surface plot and a contour map. The surface plots allow for 
the intensities of the peaks to be seen, but not all peaks in the 2-D separation can be seen 
simultaneously. The contour plot allows the entire data set to be seen and is useful for 
protein fingerprinting or peptide mapping [213]. As there was a tremendous mismatch in 
volumes between these two dimensions, Lemmo and Jorgenson [214] resorted to 
microcolumns (e.g., in the size-exclusion chromatography mode), in which the peak 
elution volumes are of the orders of a few hundred microliters, i.e. considerably closer 
to the order of volumes typically handled in CZE capillaries. Coupling of #RP-LC 
(micro-RP-LC) with CZE for the analysis of peptides was also demonstrated [215]. For 
high-sensitivity detection, the peptides were derivatized with tetramethylrodhamine 
isothiocyanate, which, having an absorption maximum at 548 nm, was an excellent match 
for LIF detection with the green helium/neon laser (543.5 nm). For those brave enough to 
venture in a multi-dimensional space, Jorgenson’s group has also devised a three- 
dimensional separation scheme [216], in which SEC is coupled to RP-LC, which in turn is 
coupled to high-speed CZE. Their conclusion “the increased peak capacity of this system 
may not be worth the extra effort and added complexity that is entailed” [217] is seconded. 
It is hoped that this will slow down efforts by other groups to invent tetra-, penta- and 
higher orders of dimension in Separation Science! 
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9.7 MICELLAR ELECTROKINETIC CHROMATOGRAPHY 


Micellar electrokinetic chromatography (variously abbreviated as MEC, MEKC, EKC), 
first reported by Terabe et al. [218], is now used for the separation of various compounds, 
because ionic and nonionic species can be separated at the same time, with high theoretical 
plate numbers. MEC is usually included in the field of electrophoresis, although the 
separation principle is more similar to RP-LC. In fact, whereas, in case of CZE, separation is 
based on differences in electrophoretic mobilities of analytes, in MEC it is mainly based on 
differences in distribution constants of analytes in the micellar pseudo-phase (Chap. 7). 
Since the partitioning into the micelles is determined by the strength of hydrophobic 
interactions between analytes and micelles, the migration order is similar to that of RPLC. 
Fig. 9.6 gives an example of the basic principle of MEC. The inner walls of the tube are 
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Fig. 9.6. Schematic drawing illustrating the separation principle of micellar electrokinetic 
chromatography with anionic surfactants (represented by a wheel-like motif). EOF = electroosmotic 
flow; S = analyte molecule (Reproduced from Ref. 224, with permission). 


negatively charged, from weakly acidic to basic pH. Under these conditions, the EOF is in 
the direction of the negative electrode at the velocity v,,. SDS, added to the solution above 
the critical micellar concentration, will migrate toward the positive electrode at the velocity 
Vep- However, at pH above 5, SDS micelles will migrate toward the cathode at the net 
velocity Vine = (Veo — Vep), Since the absolute value of v,, is larger than that of v,, [219]. The 
migration time of an uncharged analyte will then depend on its distribution constant in the 
micellar phase. If it barely enters the micelle, it will migrate at v,, with a migration time of fo. 
If it is totally incorporated into the micelles, it migrates at their velocity (v,,.) with a 
migration time of ¢,,,. Examples of the former are methanol and acetonitrile, and of the latter 
are strongly hydrophobic azo dyes, such as Sudan II and Sudan IV. The difference (t,,. — tf) 
is the time window available for the resolution of peaks in the electropherogram. There is a 
vast literature in the field of MEC, enough to fill up a few books on the topic. Here, we can 
only summarize some important references, such as reviews by Terabe’s group [220-224] 
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and Khaledi [49,225], and an entire book on the subject [226]. In addition, it should be 
appreciated that, in the last few years, not just pseudo-stationary phases, as in MEC, but true 
stationary phases, have been introduced in capillaries. These phases are in fact 
chromatographic beads (e.g., reversed phases), used to pack the inner space of the capillary 
and then sealed inside with frits. Thus, a true chromatographic process takes place in the 
capillary, and EOF is typically used for eluting the bound substances [227]. Over the years, 
Electrophoresis has published a number of special issues (called paper symposia) under the 
general heading “Capillary Electrochromatography” and “Electrokinetic Capillary 
Chromatography”, which give a broad view of the state of the art in the field [228-236], 
under the editorship of Z. El Rassi. This deluge does not seem to have subsided a bit. Thus, 
there is a strong suspicion that this prolific “guest editor” will strike again and again! 

It would be impossible here to enter a deep review of the field. Suffice to say that MEC is 
based on pseudo-stationary phases that can be categorized into two general groups: the first 
and most widely used are charged micelles (i.e., dynamic aggregates of charged 
surfactants); the other consists of covalently bonded or polymerized, charged, and 
organized assemblies. Among the first, are anionic (sodium dodecy]- or tetradecylsulfates; 
sodium dodecylsulfonate; lithium perfluorooctanesulfonate) and cationic (cetyltrimethy- 
lammonium bromide, cetyltrimethylammonium chloride, dodecyltrimethylammonium 
bromide) surfactants, as well as bile salts, such as cholate, deoxycholate, taurocholate, 
glycodeoxycholate, and taurodeoxycholate. The basic differences among these surfactants 
are in their micellar size, due to the number of monomers forming the micelle (called 
aggregation number). Cationic and anionic (as well as neutral and zwitter-ionic) surfactants 
form, in general, rather large micelles (quasi-spherical, with a diameter between 3 and 6 nm 
and aggregation numbers between 30 and 100). Bile salts, on the contrary, have a much 
smaller aggregation number (typically from 2 to 10), and form micelles presumed to have a 
helical structure. The second group (polymeric phases) is formed by covalently bonded, 
organized assemblies. Examples of this group are polymerized micelles (in which the 
monomer surfactants are covalently bonded together through a polymerization process), 
cascade macromolecules (dendrimers) and ionic polymers. They can be used in mixtures 
rich in organic solvents, and their primary application has been to the separation of highly 
hydrophobic compounds, requiring the addition of organic co-solvents. 

We will offer here just an example of the tremendous separating power of MEC. Under 
standard MEC conditions, both the micelle and the surrounding aqueous phase migrate in 
the capillary. It had been hinted by Terabe that, if electro-osmosis were to be suppressed 
(in a well-coated capillary), the aqueous phase would remain in the capillary and the 
micelle would migrate through it. In other words, the only carrier of the analyte will be the 
micelle and not the concomitant EOF. Under these conditions, only analytes that 
effectively interact with the micelle will be carried past the detector (placed at the anodic 
end when using SDS). Although this separation mechanism was not implemented by 
Terabe, it was put into practice by Chiari et al. [237] in the separation of charged and 
neutral isotopes. These authors reported excellent separations of, e.g., positively charged 
analytes, such as pyridine-hs and -ds or aniline-hs and -ds, as well as of negatively charged 
compounds, such as benzoic-hs and -ds acids, either alone or in the presence of neutral 
(2% Nonidet-P40) or charged (50mM SDS) surfactant micelles. In a way, such 
separations, although outstanding, could have been predicted, since oxygen isotopic 
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Fig. 9.7. Separation of (a) benzyl-hs and —ds alcohols and (b) of benzene-hg and —dg by Micellar 
Electrokinetic Chromatography. Conditions: coated capillary; background electrolyte, 50 mM 
MOPS (pH 7.2), containing 50 mM SDS; run, 13 kV at 48 wA towards the anode; sample injection, 
10 sec., by hydrostatic pressure (Reproduced from Ref. 237, with permission). 


benzoic acids had been already separated by Terabe et al. [238]. However, separations of 
neutral isotopic compounds had never been reported before. Figs. 9.7a and b give an 
example of such exquisite (and quite extraordinary) separations. Whereas, in the case of 
oxygen isotopic benzoic acids, the separation seems to be driven by the slightly different 
pK values of the weakly acidic carboxyl groups, due to oxygen replacement, the 
mechanism is not quite so obvious in the case of neutral compounds. Since such 


Capillary Zone Electrophoresis 393 


H 


Oo 
\ 
G~ 7 Ono 
CH,OH pe ¢ AAbs 650 nm 


L-ASCORBIC ACID HO OH 


Fig. 9.8. Example of a chemical biosensor relying upon a redox reaction over a polyaniline sensitive 
film. L-ascorbic acid molecules in an analyte mixture are entering the detection window of the 
capillary, where a layer of redox-sensitive PANI film is deposited (Reproduced from Ref. 249, with 
permission). 


separations, as shown in Fig. 9.7, occur only in the presence of SDS micelles, it is 
reasonable to hypothesize that the deuterium substitution changes the affinity of such 
species for the SDS moiety by weakening it, since the first-eluted compound is, in all 
cases, the non-deuterated form. 
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Fig. 9.9. Electropherograms of three different samples of ascorbic acid, obtained with the 
polyaniline/sensor: aniline/ammonium persulfate = 12/1. Riboflavin was used as internal standard 
(not shown) to correct for variations in time of migration and absorbance. Conditions: 50 mM 
aspartic acid buffer (pH 2.7), 20 kV, T = 25°C, \ = 650 nm. The concentrations of ascorbic acid 
injected were: (a) 75 mg/L; (b) 40 mg/L; (c) 15 mg/L (Reproduced from Ref. 249, with permission). 
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9.8 BIOSENSORS 


Biosensors are analytical systems consisting of an immobilized biological sensing 
element and a physical transducer. The nature of the transducer (electrochemical, thermal, 
piezo-electric, optical, or magnetic) has commonly been used as a way of classifying the 
various devices. A wide range of different biological sensors have been developed, ranging 
from classical amperometric electrodes with immobilized oxidoreductases [239] to optical 
sensors, based on fluorescent-labeled proteins, designed to sense and report data concerning 
the dynamic distribution of specific reactants or reaction kinetics [240]. The features 
required by sensors are: high selectivity, high sensitivity, short analysis times, flexibility, 
reusability, and, in some cases, remote control. There are two major types of sensors: 
chemical, as reviewed by Janata et al. [241], and biological sensors, in which biological 
components, such as an enzyme, antibody, receptor, or their synthetic analogs, are devoted 
to the selective identification of analytes [242-244]. Often, a separation tool and a sensor 
element are brought together, as exemplified by liquid chromatography equipped with 
electrochemical detection [245], and, sometimes, additionally coupled with microdialysis 
sampling [246]. Even more complex assemblies, including the combination of liquid 
chromatography with a post-column enzymatic reactor, reflect the current trend in 
designing analytical instrumentation intended for the routine use in neuroscience and 
pharmacokinetics [247]. 

Although there appear to be quite a number of applications of biosensors coupled to 
column chromatography, their use in CZE has only recently begun [248]. Here, we will 
give an example of the application of a chemical biosensor, coupled to CZE [249], for the 
analysis of ascorbic acid. The capillary column was partially modified with a thin film of 
polyaniline (PANI) redox-sensitive material, deposited at the detection window. Ascorbic 
acid was detected by monitoring the changes in optical absorbance, occurring on the 
polyaniline film, following the reduction reaction. The sensor response (change in optical 
absorbance at 650 nm) was proportional to the concentration of ascorbic acid over a range 
of 2.5-—250 mg/L, and the response range exhibited a clear dependence on the 
characteristics of the polymerized film. This type of sensor could find application not 
only in the food industry, but possibly also in the study of the relation between the content 
of L-ascorbic acid in body fluids and clinical parameters, such as cell ageing. Fig. 9.8 gives 
an example of the assembly of the chemical biosensor and of the reaction involved in 
ascorbic acid detection. Fig. 9.9 offers an example of the type of response obtained upon 
passage of the reducing agent over the PANI film. 


9.9 CONCLUSIONS 


This chapter contains a selection of old and new references that summarize the 
development of CZE, from early home-made instruments to the most sophisticated 
commercial equipment in use today, exploiting a battery of channels for parallel, massive 
operations, such as DNA sequencing. The accent is mostly on the fundamentals of the 
technique. Thus, it deals in extenso with basic concepts, such as silanol ionization and 
corresponding EOF, ways and means to control and/or suppress this flow, and buffer 
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recipes and cocktails now in vogue for proper CZE analysis. The four basic modes of 
performing CZE are summarized as well, encompassing free CZE, CZE in sieving liquid 
polymers, CZE in the isoelectric focusing mode, and CZE under isotachophoretic 
conditions. The only applications dealt with in the present chapter are micellar 
electrokinetic chromatography and the use of biosensors in CZE. Topics, such as DNA 
analysis and sequencing, protein and peptide analysis are not covered since they are dealt 
with in Part B. It is nevertheless hoped that this chapter will convey to the readers the 
feeling of the unique force de frappe of the present CZE technique and of the tremendous 
impact it has had upon modern separation science technology in the last decade. In fact, 
whereas chromatographic techniques had already plateaued by the mid-1990s CZE was 
the only bright star rising over the horizon. It is felt that the CZE methodology is also 
plateauing now. So, perhaps we will have to look for a novel technique to accompany us 
into the third millennium. 
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10.1 INTRODUCTION 


Coupled, combined, or hyphenated chromatographic techniques are becoming 
increasingly important in analytical chemistry. These terms refer to techniques where 
chromatography is coupled either to a (scanning) spectrometric technique [e.g., gas 
chromatography (GC)—mass spectrometry (MS) (GC-—MS)], or to another chromato- 
graphic technique [e.g., liquid chromatography (LC)—GC]. In the latter case, the term 
multi-dimensional chromatography is sometimes applied [1]. Although the term 
“hyphenated” is stylistically dubious, it has been widely used in this context. The scopes 
of coupled-column techniques on one hand and hyphenated chromatography— 
spectrometry are partly overlapping, they are also partly quite distinct. Coupled-column 
techniques take advantage of the probability that the use of different chromatographic 
modes improves selectivity and separation. In hyphenated chromatography —spectrometry, 
the rationale is to improve the information content with the detection step. The selectivity 
inherent in an improved information content supplements that of the separation technique. 

The emergence of each new hyphenated technique raises the question whether the two 
techniques should be used on-line or combined off-line [2]. For instance, the initial 
difficulties in achieving efficient and robust LC-MS coupling prompted the use of fraction 
collection and subsequent mass analysis for many years. The possibilities of automation, 
of the reduction of artifacts and sample losses, and of improved efficiency in most cases 
turned opinions in favor of the on-line approaches. Returning to LC-MS as an example, at 
the present time the most efficient way of collecting fractions for manual MS would be 
LC-MS-directed fraction collection. Often, the on-line coupling of two chromatographic 
techniques or of a chromatographic and a spectrometric technique requires some kind of 
interface. Some general properties for such interfaces have been established [3]. Ideally, 
an interface should not in any way restrict or impair the operational parameters of the two 
techniques applied, e.g., in terms of mobile-phase composition, flow-rate, selection of 
measurement conditions, detection limits and/or quantification capabilities. In addition, 
the interface should have a very high analyte transfer efficiency and should not introduce, 
or at least minimize, additional peak-broadening or losses in chromatographic resolution, 
and should not lead to uncontrolled chemical modifications of the analytes. Finally, the 
interface should be reasonably priced and easy to operate. This chapter provides a brief 
overview of the various coupled-column and chromatography—spectrometry techniques 
available, highlighting some of the areas where these technologies are applied. 
Subsequently, on-line LC-MS is discussed in somewhat more detail. LC-MS has been 
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in the focus of attention for many years, and may be considered to be the success story of 
hyphenated techniques. 


10.2 COUPLED COLUMNS 


Two major objectives of coupled-column chromatography (multi-dimensional 
chromatography) are the improvement of selectivity in separation, e.g., the creation of 
very high peak capacities in order to resolve a large number of components, and the 
analysis of one particular (group of) compound(s) in a complex matrix. The separation of 
all or selected groups of sample components is repeated in two or more columns of 
preferentially different properties (e.g., polarity), which are coupled in series. The theory 
of multi-dimensional separation techniques aimed at increasing peak capacity has been 
treated by Giddings et al. [1,4,5]. They demonstrated that the practical effectiveness of 
high peak capacities is limited by a disordered distribution of component peaks. The 
general objectives of multi-dimensional separations are: 

(a) to increase the peak capacity in the analysis of complex samples, 

(b) to achieve high-resolution separation of isomers and enantiomers by using chiral 

selectivity in the second column, 

(c) to shorten analysis time and/or improve selectivity by analysis of selected cuts from 

a (fast) pre-separation of complex mixtures, and 

(d) to improve the determination of trace components eluted close to major 

components by heart-cutting. 


10.2.1 Two-dimensional gas chromatography 


Two-dimensional GC was pioneered by Deans [6], who first demonstrated the heart-cut 
method for resolving closely eluted components present in extremely disproportionate 
concentrations, and by Schomburg [7-9], who demonstrated an enhanced separation of 
complex mixtures via selected cuts. In comprehensive two-dimensional GC, pioneered by 
Phillips [10,11], a complex sample is analyzed completely in two dimensions of GC, using 
a combination of conventional GC and high-speed GC [12]. 


10.2.1.1 Principles and instrumentation 


In conventional two-dimensional GC (GC-—GC), two columns with different stationary 
phases are coupled in series. In some applications, especially in trace analysis, a packed 
column is preferred in the first separation step, because of its higher sample capacity. 
Preferably, each column is operated in a separate column oven. An intermediate detector is 
required for method development and optimization. An intermediate injector can be useful 
in some applications as well, e.g., with highly diluted samples. In that case, the analytes 
are strongly retarded at the head of the first column, while the more volatile solvent is 
eluted. The analyte zone is subsequently transferred to the second column by back- 
flushing the first column. No valves should be used for switching the carrier gas to transfer 
cuts from one column to another, because sample components could come in contact with 
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movable parts having potentially reactive surfaces at elevated temperatures. Miniaturized 
dead-volume coupling devices are required, especially for coupling narrow-bore open- 
tubular columns. Devices can be installed between the two columns for trapping and/or 
cryofocusing the components in the eluate fraction to be transferred. Without intermediate 
trapping, the components transferred would enter the second column with different 
starting times, determined by the selectivity of the first column, and zones would be 
broadened due to their transport through the first column. 

In comprehensive two-dimensional GC (GC X GC), the effluent of the first column is 
separated into a large number of small fractions, and each of these is subsequently 
separated on the second column. The first column contains a film of nonpolar stationary 
phase in order to produce relatively broad peaks, while the second column of typically 
100-~m ID contains a more polar stationary phase, e.g., OV-1701 (14% cyanopropyl- 
phenyl in dimethylpolysiloxane). A modulator interface between the columns is 
required for the method to become two-dimensional. The modulator may be either 
thermal or cryogenic. Directly or indirectly heated capillaries have been used as 
thermal modulators [10,13,14]. The moving-heater modulator is a device for moving a 
separate, high-capacity heating element over the modulator capillary to heat locally a 
section of the modulator capillary and to pulse solute to the second column at a pulse 
width as short at 60 msec. Because a temperature difference of 100°C is required 
between retention in the modulator and desorption for re-injection, the maximum 
allowable oven temperature for the first column is lowered by 100°C when this device 
is used. In the longitudinal modulating cryogenic system or moving cryogenic trap [15] 
the modulator is shifted every few seconds from trap to release position (Fig. 10.1). In 
the release position, trapped fractions will be desorbed and separation on the second 
column can start immediately, while at the some time, the effluent from the second 
column is trapped. The jet-type cryogenic modulator [16] consists of two cold and two 
hot jets, mounted orthogonally at such a distance that a 6-sec modulation time is 
achieved. For comprehensive GC X GC, a fast-responding detection system is required 
(sampling rates in excess of 100 Hz). Flame-ionization detectors and time-of-flight MS 
have been used in most applications. 


co, 


Moving 
Cryogenic Trap 


Detector 


Release 


Connector 


First GC Column Second GC Column 
Fig. 10.1. Schematic diagram of a moving cryogenic trap for GC X GC. 
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10.2.1.2 Selected applications 


Conventional GC—GC and comprehensive GC X GC occupy overlapping application 
areas, GC-GC being focused on specific areas of the chromatogram and GC xX GC 
providing a more complete picture. Typical applications are in petroleum research, e.g., 
the separation of coal-derived gasoline fractions [8,9], and the separation of benzene, 
toluene, ethylbenzene, and xylenes (BTEX) and total aromatics in gasoline [17], and in 
environmental analysis, e.g., the separation of polychlorobiphenyls (PCB), polychloro- 
dibenzodioxins (PCDD), and/or polychlorodibenzofuran (PCDF) isomers [18], and the 
identification of pesticides in food extract [19]. As an example, a detail of the GC x GC 
chromatogram of a pesticide-spiked celeriac extract, acquired by full-scan TOF-MS, is 
shown in Fig. 10.2 [19]. Applications in the field of flavor and essential oil analysis have 
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Fig. 10.2. Detail of the comprehensive GC X GC chromatogram, acquired with a time-of-flight mass 
spectrometer, of a plant extract, spiked with pesticides at a level of 0.32 mg/kg. (Reprinted from 
Ref. 19 with permission.) 


been published as well, e.g., the identification of methyl jasmonate stereoisomers in 
jasmine extracts [20]. More recently, the detailed analysis of cigarette smoke was 
described [16]. 


10.2.2 Liquid chromatography -gas chromatography 


On-line liquid chromatography—gas chromatography (LC-—GC), based on transfer of 
LC fractions via an autosampler, was first described by Majors in 1980 [21]. LC as 
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a separation and sample pre-treatment technique is considered superior to other sample 
preparation techniques, e.g., those involving SPE cartridges. Automated, on-line coupling 
of LC to GC eliminates manual sample preparation and, thus, the disadvantages of off-line 
operations, i.e., sample loss, contamination, and/or artifact formation. 


10.2.2.1 Principle and instrumentation 


LC-GC entails the transfer of a LC fraction, comprising a whole LC peak or even a range 
of peaks, to a gas chromatograph. Since the volume of such fractions is typically in the range 
of 100 to 1000 wL, the development of large-volume introduction techniques for GC is the 
key to LC-—GC. Since 1980, a variety of approaches to LC—GC have been proposed 
[22-24]. Two of them are still widely used: concurrent eluent evaporation with the loop- 
type interface and the retention-gap technique with the on-column interface (Fig. 10.3). 
Alternatively, a programmed-temperature vaporizer injector (PTV) can be applied. 


Solvents and samples 


Or-column 
injector 


Analytical Coleen Retaining Precohumn Retention Gap 


Fig. 10.3. Schematic diagram of a system for SPE/GC/MS. (Reproduced from Ref. 62 with 
permission.) 


A retention gap [25] consists of an uncoated, deactivated, fused-silica capillary 
(15 m X 0.32 mm ID), installed ahead of the coated capillary column. The sample from 
the LC is injected into the retention gap at a temperature below the boiling point of the 
solvent. If the injected liquid can form a solvent film on the inner wall of the capillary, 
a flooded zone is formed, where analytes spread out. This precludes the use of most 
aqueous mobile phases. The solvent film evaporates from the rear to the front, and volatile 
analytes are re-concentrated by solvent-trapping effects. In addition, phase soaking at the 
top of the column affects re-concentration of analytes, because their retention is increased 
by the swelling of the stationary-phase layer. Less volatile components remain spread out 
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over the retention gap, but they are re-concentrated upon entering the coated column. The 
retention gap allows volumes up to 100 wL to be introduced and is therefore compatible 
with microbore LC columns (0.25-—1 mm ID). To protect the GC detector and to accelerate 
solvent evaporation, a solvent vapor exit is installed between the retention gap and the GC 
capillary column. 

In concurrent eluent evaporation [26], the eluent is completely volatilized upon 
introduction into the GC pre-column at a temperature higher than the boiling point of the 
solvent. Volatile components are lost with the solvent by evaporation. This technique 
enables the introduction of relatively large volumes (= 1 mL), but it is only applicable to 
analytes with boiling points 80—100°C above the introduction temperature. Modifications 
of this approach, i.e., partial concurrent solvent evaporation [27] or co-solvent trapping 
techniques [28], can be applied to avoid the loss of volatile sample components. A 
programmed-temperature vaporizer injector (PTV) is another coupling method applicable 
to LC-GC. Basically, a PTV is a split—splitless injector with a packed liner, which can be 
rapidly heated or cooled [29]. The sample is injected in the liner with an open split exit at an 
injector temperature below the boiling point of the solvent. Again, volatile components are 
lost with the solvent by evaporation. Subsequently, the analytes retained in the liner are 
transferred to the GC column. Alternatively, injection is performed with a closed split exit, 
and the solvent vapor is either vented via the GC column, where volatile sample components 
are trapped in the swollen stationary phase, or vented via an open septum purge. 


10.2.2.2 Selected applications 


LC-GC applications have usually involved normal-phase LC on silica, with an eluent of 
pentane or hexane plus a few percent of a more polar solvent. Applications have been reported 
for the petrochemical and food industry. A typical food-related example is the determination 
of sterols and squalene in edible oils in order to detect whether oils or fats have been refined or 
subjected to other thermal stress [30]. Petrochemical applications include the characterization 
of coal liquids and fuels, and the determination of PAH in various petroleum fractions and 
fuels. The complete quantitative characterization of oil fractions in the middle distillate range 
may serve as an example [31]. The on-line coupling of reversed-phase LC to GC via a 
retention gap or (partial) concurrent solvent evaporation is difficult. A PTV-type system 
consisting of a packed liner, in combination with a retaining pre-column and a solvent—vapor 
exit, was described and successfully applied to the determination of phthalates in water and 
the determination of pesticides in red wines [32,33]. 


10.2.2.3 On-line solid-phase extraction—gas chromatography 


Various approaches to the on-line sample pre-treatment in combination with GC are 
technologically related to LC—GC coupling. Loop-type injections, in combination with 
concurrent solvent evaporation, have been used for on-line liquid—liquid extraction—GC 
in the analysis of hydrocarbons [34] and hexachlorocyclohexanes [35] in water. In a 
system for on-line solid-phase extraction (SPE), coupled to GC, the (large-volume) 
sample is injected into a short cartridge column (2—10 mm long and 1—4.6 mm ID). After 


410 Chapter 10 


clean-up, the pre-column is eluted with 50-100 wL of an organic solvent. The latter is 
introduced into the gas chromatograph via a large-volume introduction technique, 
previously described for LC—GC [35-37]. A schematic diagram of a SPE—-GC-MS 
system is shown in Fig. 10.3. The liquid effluent of the SPE cartridge is injected into a 
retention gap, which is coupled to the analytical column via a retaining pre-column. SPE- 
GC has been optimized over the years. It is frequently used in environmental applications, 
e.g., the determination of organic micropollutants in surface waters [38,39]. 


10.2.3 Coupled-column liquid chromatography 


Coupled-column liquid chromatography (CCLC) is essentially based on the transfer of 
a heart-cut from a first LC column on to a second LC column [40]. Multi-dimensional 
chromatography with different phase systems, offering increased selectivity, seems 
attractive, but it is often complicated by mobile-phase compatibility problems. The 
application of CCLC is to some extent determined by the separating power of the first 
column. A poor resolution in the first step will result in the transfer of a multi-component 
fraction in the heart-cut, thus requiring complicated separation in the second step, whereas 
a high resolution in the first column will result in the transfer of a heart-cut containing just 
one or only a few closely related analytes [41,42]. Because separation times in LC are 
relatively long compared to GC, comprehensive two-dimensional LC (LC X LC) has not 
been used frequently. This calls for either a very low flow-rate in the first column or a 
stop-flow technique [43]. 


10.2.3.1 Principles and instrumentation 


In CCLC, two LC columns are coupled via a valve-switching system. Part of the 
effluent from the first column is transferred to the second column. When only a small 
volume of column effluent from the first column must be transferred, direct transfer is 
permissible. Often, either an intermediate sample collection loop or a short trapping 
column is applied. A diagram of a simple CCLC system is shown in Fig. 10.4. The 
trapping column in most cases is eluted to the second column in back-flush mode. 


Analytical 
column 


Trapping 
system 


Fig. 10.4. Schematic diagram of a typical setup for coupled-column liquid chromatography. 
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10.2.3.2 Selected applications 


A wide variety of applications of coupled-column chromatography have been 
described. A number of applications of reversed-phase LC coupled to reversed-phase 
LC have been reviewed [42]. The analysis of the very polar ethylenethiourea in ground 
water [44] may serve as an example. Immunoaffinity chromatography has also been 
exploited as the first separation or sample clean-up step. After initial reports, e.g., on the 
determination of estrogens in plasma and urine and of aflatoxins in milk [45,46], this 
technique was applied to the selective determination of trace levels of pesticides, (e.g., of 
carbofuran [47] and carbendazim [48]) in environmental samples, of steroidal estrogens in 
wastewaters [49], and of etheno-2'-deoxycytidine DNA adducts [50]. These applications 
are frequently supplemented with MS. 

Chiral separations are another field of application for CCLC, in which a chiral and an 
achiral column are combined. If the enantiomers are well resolved on the chiral column, it 
is used as the first column. In the second step, analyte compression resulting from the 
better column efficiency of the achiral column compared to the chiral column is exploited, 
and separation from some interfering material can be achieved. An example of this 
technique is the determination of enantiomers of metoprolol, terbutaline, bupivacaine, and 
oxazepam in plasma [51]. If a near-baseline separation is achieved on the chiral column, 
the preliminary separation of the enantiomers from interfering compounds is performed on 
an achiral first column. The fraction containing the enantiomers is then transferred to the 
chiral column for final separation. An example of the second method is the quantitative 
analysis of enantiomers of chlorthalidone, oxazepam, and terbutaline from plasma, using 
8-cyclodextrin as a chiral selector in the mobile phase of the second column [52]. 


10.2.3.3 On-line solid-phase extraction—liquid chromatography 


Instead of a full-size column, a short column can be used for solid-phase extraction 
(SPE) ahead of and on-line with the LC column. Initially, SPE—LC was developed for the 
trace enrichment of phthalates from water [53]. Subsequently, the same equipment was 
adopted in many application areas with a wide variety of sorbents. SPE and on-line SPE- 
LC have recently been reviewed [54]. Typically, a sample is injected or pumped through a 
short solid-phase column and the analytes are selectively adsorbed on the pre-column, 
while highly polar and macromolecular sample constituents are passed through 
unretained. After an optional washing step, the SPE column in eluted, either in forward 
or in back-flush mode, on to an analytical column, where the enriched analytes are 
separated prior to detection. Numerous examples are available in the literature [54]. The 
on-line SPE—LC approach has become very popular in environmental analysis, whereas in 
pharmaceutical laboratories the initial enthusiasm has given way to off-line SPE for 
quantitative analysis in most cases. 

Typical sorbents used for SPE are conventional chemically bonded reversed-phase 
silicas, poly(styrene—divinylbenzene) co-polymers, carbon-based sorbents, and ion-pair 
and ion-exchange type sorbents [54]. Restricted-access packing materials (RAM) [55] 
combine size exclusion of proteins and other high-mass matrix components with the 
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simultaneous enrichment of low-mass analytes at the hydrophobic inner pore surface. 
RAM columns are especially useful in the analysis of small molecules in samples 
containing proteins, e.g., in the analysis of drugs in plasma or urine. A recent example of 
the use of RAM columns is the analysis of neuropeptide Y and its metabolites with a RAM 
column having sulfonic acid cation-exchange properties [56]. The immunoaffinity CCLC 
described above can be considered to be on-line SPE—LC as well, although it employs 
longer columns than SPE. The high selectivity of immunoaffinity separations has led to the 
development of molecularly imprinted polymers, containing specific recognition sites for 
certain molecules [57]. A recent example is the highly selective on-line clean-up of 
triazines from river water samples prior to LC—MS [58]. The use of a SPE pre-column, 
packed with somewhat smaller particles than in most conventional SPE applications, for 
both concentrating the sample and separating a limited number of pesticides has also been 
proposed. This single-short-column procedure is especially useful in combination with 
MS detection [59]. 

Another recent modification of SPE—LC, especially for use in LC-MS, is turbulent- 
flow chromatography [60]. A schematic diagram of the setup, which, in fact, is very 
similar to the set-up for conventional SPE—LC, is shown in Fig. 10.5. The 200-\L loop is 
filled with a solvent composition strong enough to elute the clean-up column. In the first 
step, an aqueous sample, e.g., plasma after centrifugation, is injected into a 
special turbulent-flow clean-up column (50 X 1 mm, 50-wm-ID particles) at a flow-rate 
of 4 mL/min for 30 sec. Highly hydrophilic interfering material and proteins are efficiently 
removed under these conditions. In the second step, the 200-tL loop is switched in-line to 
transfer the analyte to the analytical column (0.3 mL/min for 90 sec). The effluent from the 
clean-up column is mixed with 1.2 mL/min aqueous mobile phase ahead of the analytical 
column. In the final step, a 2-min ballistic gradient, e.g., 5-95% organic additive, is 
applied at 1 mL/min, and the column effluent is analyzed by LC—MS. Simultaneously, the 
clean-up column is regenerated and the 200-wL loop is refilled. The total analysis time per 
sample is about 5 min. In addition, systems are commercially available which enable 
staggered parallel operation, resulting in a four-fold increase in sample throughput. 


Waste 


Valve 2 


Pump 2 


Pump 1 Clean-up Analytical 
column column 


Fig. 10.5. Schematic diagram of turbulent-flow chromatography. Pump 1| delivers either an aqueous 
mobile phase for sample injection, or a hydro-organic mobile phase for regeneration of the cleanup 
column. Pump 2 delivers a fast ballistic gradient. (Reproduced from Ref. 60 with permission.) 
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10.3 CHROMATOGRAPHY -SPECTROMETRY 


Both gas and liquid chromatography have been coupled to a variety of spectroscopic 
and spectrometric techniques. The prime objective of on-line spectroscopy is improve- 
ment of the information content concerning the compounds separated. For example, GC- 
MS has become indispensable for the identification of components, e.g., contaminants in 
environmental or food samples, but it also is a powerful tool in the selective and sensitive 
determination of analytes in complex matrices. With respect to the latter, the routine 
analysis of tetrachlorodibenzodioxins (TCDD) and related compounds (toxaphenes, 
dibenzofurans, biphenyls, etc.) at ppt-levels in biological matrices (e.g., meat and milk) 
may serve as an example. Obviously, each combination of GC or LC with one of the 
spectrometric or spectroscopic techniques will have distinct application areas and may 
also come with its own problems. A number of successful examples are briefly reviewed 
below. One of these combinations, i.e., LC—MS is subsequently discussed in more detail 
in Sec. 10.4. 


10.3.1 Gas chromatography—mass spectrometry 


The on-line combination of GC and MS (GC-MS) is perhaps the best example for 
demonstrating the power of a combination of a highly efficient separation method and a 
spectrometric detection method that is both selective and sensitive [61,62]. Initially, the 
coupling of packed GC columns to the mass spectrometer resulted in some problems with 
respect to the gas flow from the chromatograph, which could not be handled completely by 
the vacuum system of the spectrometer. Gas-phase analyte-enrichment interfaces, such as 
the Watson—Biemann effusion interface, the membrane interface, and especially the jet- 
separator interface, have helped to overcome these problems. With the introduction of the 
open-capillary GC columns in the mid-1970s and the fused-silica columns with 0.25- to 
0.32-mm ID in 1979, the vacuum problems were solved, because the typical gas flow from 
a capillary column (1 mL/min of He) fits the pumping capacity of the vacuum systems 
perfectly. In principle, the column outlet can be placed directly into the ion source of the 
spectrometer, to effect immediate ionization and minimize excessive band-broadening. 
Introduction of the capillary column simultaneously also stimulated the development of 
benchtop quadrupole mass spectrometers for dedicated GC-MS application. 

The analytical power of GC-MS can be attributed to various features of the coupled 
system. GC is not only a highly efficient separation technique for volatile compounds, 
providing excellent resolution and high plate numbers, but it also presents the separated 
analytes in the vapor state, which is ideal for electron ionization (EI), the most widely used 
MS ionization technique. The features of EI for analyte detection after GC are similar to 
those of a flame-ionization detector (FID): there are no large differences in the ionization 
efficiency, and the detector response is similar for a wide variety of compounds. In 
addition, EI provides structure-informative fragmentation for a wide variety of substances 
that can be analyzed by GC. Due to the good reproducibility of EI mass spectra among 
instruments from various manufacturers, collecting mass spectra and building mass 
spectral libraries is feasible. Rapid computer searches with advanced algorithms of these 
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commercially available libraries helps in the identification of unknown components of 
complex samples. Furthermore, the fragmentation of many compound classes under EI is 
well described and well understood [63,64], enabling also the identification of unknown 
compounds, not represented in mass-spectral libraries. EI-MS requires only minute 
amounts of analyte (less 1 ng) to give a useful mass spectrum. Whether identification of 
unknown compounds at this level is feasible depends mainly on the presence of interfering 
materials, which may obscure important spectral features needed for the interpretation of 
the spectrum. Moreover, selected-ion monitoring is available for monitoring selectively 
the intensity of just one or a limited number of ions from a particular analyte or set of 
analytes, and thereby significantly improves the lower limit of quantification in 
comparison to full-scan operation. Finally, a variety of more advanced MS techniques 
may help in solving analytical problems, e.g., various mass analyzers, alternative analyte 
ionization techniques, and tandem MS [65]. Time-of-flight mass analyzers are becoming 
more prevalent in GC-MS, because they can offer either enhanced mass-spectrometric 
resolution, enabling accurate mass determination for the estimation of elemental 
composition, or very high spectrum acquisition rates (up to 500 spectra per second), 
which are widely used in fast-GC and GC Xx GC. GC-MS has found abundant 
applications in the petroleum industry, in environmental analysis of chlorinated organic 
compounds, pesticides, polycyclic aromatic hydrocarbons, in pharmaceutical and clinical 
applications, in food analysis, in forensic and toxicological studies, as well as in many 
other areas [62]. 


10.3.2 Gas chromatography —atomic emission detection 


Microwave-induced plasmas (MIP) have been proposed for use in combination with 
GC since the mid 1960s [66,67] but never found broad application. An atomic-emission 
detector (AED), based on a microwave-induced plasma, was commercially introduced in 
1989 [68]. The column effluent is fed into a MIP cavity, where the analytes are destroyed 
and atomized. The atoms are excited by the energy of the plasma. The emitted light is 
dispersed by an optical monochromator or polychromator system and measured via a 
photodiode array. The photodiode array can be positioned along the wavelength axis to 
enable the detection of various elements. A schematic diagram of the system is shown in 
Fig. 10.6. The AED enables the simultaneous determination of various elements. The 
success of GC—AED can be attributed to three features of the AED: 

(a) The AED shows excellent selectivity in the detection of heteroatoms. 

(b) Calibration of the AED is virtually compound-independent, since the elemental 
response is independent of the molecular structure. This also opens the way to 
estimate (partial) elemental composition from the data obtained. 

(c) The AED provides a response for any element that can be excited by a He plasma. 
The GC-—AED system has been widely applied, e.g., in the petrochemical industry, 
especially in the analysis of compounds containing sulfur [69], lead, vanadium [70], 
mercury, and palladium, in environmental analysis of pesticides [71], as well as of 
organometallic compounds containing tin [72], mercury, lead, as well as in the food and 
pharmaceutical industries. 
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Fig. 10.6. Schematic diagram of an atomic-emission detector for GC. (Adapted from JAS Brochure 
on AED). 


10.3.3 Gas chromatography -—Fourier-transform infrared spectroscopy 


Initially, there was little interest in an on-line combination of GC with Fourier- 
transform infrared spectroscopy (FT-IR). This can be attributed to the success of GC-MS 
and the comparatively poorer sensitivity of GC-—FT-IR. The introduction of mercury 
cadmium telluride (MCT) photodetectors and gold-coated borosilicate glass lightpipes led 
to a substantial improvement in the performance of GC—FT-IR systems [65]. Next to the 
lightpipe, two other adjuncts to GC—FT-IR have been found useful, i.e., matrix isolation 
and sub-ambient trapping. A lightpipe [73] is a 100- to 200-j2m-ID borosilicate capillary, 
internally coated with a thin layer of gold. By reflecting the IR beam through the lightpipe, 
the path length of the cell is increased significantly, and this leads to a greatly increased 
sensitivity. The matrix isolation method [74] is based on freezing the column effluent, after 
mixing it with an inert gas, and depositing it on a rotating gold disk. The complete 
chromatogram is put on the disk, and later on, reflection—absorption spectra are obtained 
from the deposited material on the disk. The matrix isolation and cryogenic trapping of the 
analyte reduce the rotational line broadening in the IR spectra and thereby improve the 
resolution of the spectra. In subambient trapping [75], the column effluent is directly 
frozen on a moving IR-transparent zinc selenide window. The spectra are collected shortly 
after deposition in real time. The latter two methods show similar detection limits in the 
10-pg range, which is about 100-fold better than those of the lightpipe instruments [65,76]. 

An important field of application of GC—FT-IR is the differentiation between positional 
isomers, something which is frequently difficult to obtain from the EI mass spectrum. 
Some examples are: the differentiation of PCB [77] and BTEX [78] in environmental 
analysis and of amphetamine and methamphetamine in forensic applications [79]. 
In addition to the ability to discriminate between structural isomers, the FT-IR detector has 
the virtues of being nondestructive and providing direct functional-group information. 
Given the importance of information from FT-IR in the structure elucidation of 
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compounds unidentified by GC-MS, an on-line combination of GC—FT-IR—MS would 
be extremely useful for some applications. Such a system is commercially available [80]. 
Improvement of the effective concentration detection limits for GC—FT-IR by the on- 
line combination with SPE pre-concentrating sample pre-treatment has also been 
reported [81]. 


10.3.4 Liquid chromatography —photodiode-array spectrometry 


The on-line combination of LC with a UV—VIS photodiode-array (PDA) spectrometer 
became available in the late 1980s [82] and is now widely used. Technological 
improvements have yielded PDA detectors that are as sensitive as single-wavelength UV 
detectors. The most important application areas of LC—PDA are in the assessment of peak 
purity, identification of unknown compounds and/or confirmation of their identity. 
Significant progress has been made in the assessment of peak purity through the 
development of intelligent algorithms [83-86] and their application to actual problems, 
e.g., in drug impurity profiling [87,88]. 

Identification of unknown compounds and confirmation of their identity is important 
in forensic analysis and toxicological screening [89-93]. Examples of such studies are 
the rapid screening for 100 basic drugs and metabolites in urine by cation-exchange 
SPE and LC—PDA [90], and emergency toxicology testing to provide both detection, 
confirmation, and quantification of basic drugs in serum [91]. Computer searching of 
spectral libraries has become an important and powerful tool in work of this kind [92, 
93]. Similar procedures have been adopted for multi-residue analysis in environmental 
monitoring programs related to quality control of surface water. A typical procedure 
employs an integrated system, called SAMOS [94,95], which enables the automated, 
unattended analysis of filtered 100-mL samples of surface water by means of on-line 
SPE on a short cartridge column, and subsequent gradient HPLC with UV-PDA 
detection. Compounds with sufficient UV activity can be quantified. Moreover, a UV 
spectral library allows provisional identification of compounds or compound classes, at 
least when the UV spectrum acquired is not too much distorted by the presence of 
humic acids. Any compound detected by a SAMOS system, applied in the field, must be 
identified by MS, often by LC-MS. Another important application area of LC—PDA is 
in the field of natural-product analysis. Typical examples are the identification of 
flavonoids in plants [96], the analysis of carotenoids [97], and the determination of taxol 
in Taxus species [98]. 


10.3.5 Liquid chromatography -—inductively coupled plasma mass spectrometry 


While the on-line combination of inductively coupled-plasma (ICP) atomic-emission 
spectrometry is an important method in the qualitative (and quantitative) analysis of many 
metals as well as nonmetals, enabling sensitive detection [99,100], the combination with 
ICP-MS has made it even more useful. ICP-MS is currently the method of choice in 
element speciation. It has been coupled to a variety of separation techniques, 
including GC, LC, SFC, and capillary electrophoresis [101,102]. The coupling for 
liquid introduction consists of a pneumatic or ultrasonic nebulizer and a spray chamber. 
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From there, the aerosol is fed into the ICP torch, where atomization and ionization of the 
analytes takes place. Ions emerging from the ICP are sampled by an atmospheric-pressure 
ion source, similar to the ones applied in LC-MS coupling via electrospray or 
atmospheric-pressure chemical ionization (Sec. 4.1.1). A wide variety of applications of 
LC-ICP-MS in selective or multi-residue determination of elements have been described. 
Studies frequently focus on the determination of elements like As, Hg, Pb, and Se, but 
applications to other elements, like Pt, Cd, and Cr, have also been described. Such 
elements are determined in a great variety of matrices, like surface water, urine, seafood, 
and other biological samples. Some applications in the area of element speciation have 
recently been reviewed [101,102]. 


10.3.6 Liquid chromatography -—Fourier-transform infrared spectroscopy 


The on-line combination of LC and FT-IR is less popular than GC—FT-IR, but with the 
introduction of newer interfaces, the technique has reached analytical utility [103]. There 
are basically two approaches to LC-—FT-IR, i.e., via a flow-cell or via a solvent- 
elimination interface. The flow-cell approach is very similar to the LC—UV systems and 
generally suffers from poor detection limits, partly due to limited optical path length and 
partly due to interfering solvent peaks in the IR spectrum. In solvent-elimination LC—FT- 
IR, the mobile phase is removed prior to the IR assay of the analytes. They are deposited 
on a suitable substrate, enabling a solvent-interference-free infrared spectrum. Moreover, 
the deposition step may yield some concentration of the analyte zones and permit signal 
averaging. In the currently most successful solvent-elimination interfaces, the mobile 
phase is nebulized prior to deposition, and this enhances the evaporation of the solvent. 
The interfaces developed are somewhat similar to devices developed for LC-MS 
coupling, e.g., thermospray nebulization and deposition on a moving-belt interface [104], 
pneumatic nebulization in combination with a particle-beam interface and deposition of a 
selected peak on a solid substrate [105], pneumatic nebulization on a rotating IR-reflective 
disk [106] or on a moving solid substrate [107], electrospray nebulization, and ultrasonic 
nebulization. 


10.3.7 Liquid chromatography -—nuclear magnetic resonance spectroscopy 


Perhaps the most attractive on-line combination of chromatographic separation with 
spectroscopy is with nuclear magnetic resonance (NMR) spectroscopy, especially LC- 
NMR. After some initial studies in the late 1970s, LC-NMR developed in the 1980s to 
become the highly useful hyphenated technique it is at present. LC-NMR is beginning to 
enter routine laboratories involved in structure elucidation in pharmaceutical industries, 
sometimes even in an on-line combination with LC—MS [108,109]. The combination is 
applied in solving structure elucidation problems related to natural products [110-113] 
and drug impurities and metabolites [114-116]. 
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10.4 LIQUID CHROMATOGRAPHY -MASS SPECTROMETRY 


Combined liquid chromatography—mass spectrometry (LC-MS) [117], may be 
considered as one of the most important analytical techniques of the past decade: 
development occurred at a rapid rate, and LC-MS is now widely accepted and 
implemented. It has become the method of choice for analytical laboratories at various 
stages of drug development in the pharmaceutical industry and it plays an important role in 
environmental analysis, in biochemistry, and in biotechnology, e.g., in the field of 
proteomics. Most of the current instrumental developments take place in the instrument 
manufacturers’ laboratories and workshops, although such developments are, to a 
significant extent, steered and initiated by the demands of users, especially the 
pharmaceutical industries. 


10.4.1 Principles and instrumentation 


Investigations into the coupling of LC and MS started in the early 1970s. During the 
first 20 years, most of the attention had to be given to solving interface problems, and a 
varied collection of interfaces was developed, tested, applied, and rejected: the moving- 
belt interface, direct-liquid introduction, thermospray, continuous-flow fast-atom 
bombardment, and particle-beam interfacing [117]. Technological problems in interfacing 
appear to be solved with the introduction of interfaces based on the principles of 
atmospheric-pressure ionization, i.e., electrospray (ESI) and atmospheric-pressure 
chemical ionization (APCI). 


10.4.1.1 Atmospheric-pressure ionization 


An atmospheric-pressure ionization (API) interface/source consists of five parts [117]: 
(1) the liquid introduction device or spray probe, (2) the actual atmospheric-pressure ion- 
source region, where the ions are generated by means of ESI, APCI, or by other means, 
(3) an ion-sampling aperture, (4) an atmospheric-pressure-to-vacuum interface, and (5) an 
ion optical system, where the ions are subsequently transported into the mass analyzer. 
A schematic diagram of an API source is shown in Fig. 10.7. 

The column effluent from LC is nebulized and passed into the atmospheric-pressure 
ion-source region. Nebulization is either performed pneumatically (i.e., in a heated 
nebulizer APCI), by the action of a strong electrical field (i.e., in ESI), or by a combination 
of both (i.e., in pneumatically assisted ESI). From the aerosol, gas-phase ions are 
generated by either a liquid-phase mechanism, related to charging of the droplets during 
ESI, or by a gas-phase ionization mechanism, initiated by the corona discharge during 
APCI. These ions, together with solvent vapor and nitrogen bath gas, are sampled by an 
ion sampling device into a first pumping stage. In most systems, the spray probe is 
positioned orthogonally to the ion-sampling device to avoid contamination of the latter by 
nonvolatile sample constituents. The mixture of gas, solvent vapor, and ions is 
supersonically expanded into this low-pressure region (10-100 Pa). The core of the 
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Fig. 10.7. Schematic diagram of a typical atmospheric-pressure ionization source for LC/MS. 


expansion, containing the ions and other (neutral) material of higher molecular mass, is 
sampled by a skimmer into a second pumping stage (pressure 0.1—1 Pa), containing an 
ion-focussing and transfer device (RF-only multipole) to optimally transport and focus the 
ions in a suitable manner to the mass-analyzer region (pressure < 10° Pa). 


10.4.1.2 Developments in mass spectrometers 


Almost as important to the optimization of API interfaces is the progress in MS 
instrumentation. The computer-controlled operation of the modern mass spectrometer 
helps it to achieve optimum performance. In addition, new developments in the 
instrumentation help to improve the overall performance of LC-MS. Most of the LC-MS 
applications are still run on single- and triple-quadrupole instruments. In recent years, the 
performance of triple-quadrupole (QqQ) instruments for MS—MS has been improved by 
replacing the RF-only quadrupole collision cell by various other designs, including the 
RF-only hexapole and octapole collision cells, as well as the linear accelerating high- 
pressure collision cell (LINAC). The latter allows shorter dwell-times in selective reaction 
monitoring (SRM), speed-up of the analysis, and/or monitoring of more SRM transitions 
during one (fast) chromatographic run. 

API on an ion-trap mass spectrometer appears to be a very successful combination. 
While SRM on a QqQ instrument has to be preferred in low-level quantitative analysis 
[118], the API ion-trap instrument especially proves its power in qualitative analysis, 
where the multiple stages of MS—MS can be applied to achieve structure elucidation of 
the unknown compounds. Data-dependent acquisition further enhances the performance 
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in the structure elucidation of minor components in a mixture [119,120]. If a low 
analyte signal in a relatively clean background is to be measured, the use of the ion 
accumulation features of an ion trap can be advantageous, as has been demonstrated for 
peptides [121,122]. 

Orthogonal-acceleration reflectron time-of-flight (oa-TOF) instruments combine the 
ability to perform accurate mass determinations with excellent full-scan sensitivity. 
Mass accuracies of better than 20 ppm without — and better than 5 ppm with — an 
internal lock mass can be achieved routinely. For compounds with a mass below 
1000 Da, this accuracy provides an excellent confirmation of identity, based on 
calculated elemental compositions. An oa-TOF instrument is an integrating rather than 
a scanning system. In practice, the “all-ion-detection” capability of the oa-TOF system 
provides a 20- to 100-fold improvement in sensitivity, compared to a scanning QqQ 
system. Obviously, the QqQ instrument, operated in SRM mode, will provide better 
sensitivity, but only at the expense of the information content. 

Given these features of an oa-TOF analyzer, a hybrid of a quadrupole front-end 
and an oa-TOF back-end for MS—MS (Q-TOF) would be an attractive system. The 
most interesting feature of the Q-TOF hybrid is its ability to perform accurate mass 
determinations at excellent sensitivity after conventional low-energy collision-induced 
dissociation (CID) in a collision cell. This greatly facilitates identification of unknown 
compounds, not only in the field of protein chemistry, for which the instrument was 
originally built, but also in studies related to impurities, degradation products, and 
metabolites of drugs. 

Finally, multiply charging of proteins by ESI has also stimulated the use of Fourier- 
transform ion-cyclotron resonance mass spectrometry (FT-ICR-MS) [123,124]. Again, 
the enhanced resolution is an important feature. The high-resolution operation in 
combination with various dissociation techniques, such as CID, sustained off-resonance 
irradiation, infrared multiphoton dissociation, and surface-induced dissociation, enables 
the use of ESI FT-ICR-MS for advanced structure elucidation of proteins. In addition, 
reaction chemistry and gas-phase confirmation studies can be performed. Among these 
new and exciting developments, the role of ESI on magnetic sector instruments has 
diminished. The main reason for the use of magnetic sector instrument appears to be 
the use of an array-type of detector to enhance sensitivity. For many other potential 
applications of sector instruments, a TOF instrument is a viable alternative, being easier 
to operate and having a better price—performance ratio. The need for high-energy CID 
in peptide sequencing appears to be overcome to a large extent by the use of protein 
databases [125,126]. 


10.4.2 Applications 


At present, the three major application areas of LC-MS technology are in the 
pharmaceutical, environmental, and biochemical fields. The applications in the field of 
drug development and testing as well as proteomics can be considered as the important 
driving forces in the current developments of LC-MS technology and applications. 
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10.4.2.1 Pharmaceutical applications 


LC-MS technology is applied at virtually every stage of drug development. 
Sensitivity, selectivity, and speed are the key issues in this respect. Compared to LC- 
PDA, LC-MS provides enhanced confirmation of identity and often enhanced selectivity. 
In addition, the ease of operation and the achieved level of automation make LC-MS an 
attractive tool in drug development, especially because it can be applied to analysis and 
troubleshooting in many areas of drug research. The role of LC-MS commences in the 
drug discovery stage, no matter whether this is performed by conventional “intelligent” 
synthesis or by combinatorial chemistry. Powerful software tools have been developed for 
LC-MS to support its drug discovery tasks. The most generally applicable of these tools is 
Open Access [127,128]. This system transforms an API-MS instrument into a walk-up 
“black box” for synthetic chemists in need of rapid confirmation of the progress of their 
synthesis by molecular-mass determinations of their (intermediate) products. A remote 
computer serves as a log-in to the system, where the type of LC-MS experiments to be 
performed are selected. The sample is run automatically, and the resulting spectra are sent 
to the chemist by electronic mail or placed onto the laboratory information management 
system (LIMS network). 

In drug discovery based on combinatorial synthesis, the combinatorial libraries must be 
screened for biological activity, while a rapid characterization of identity is also required. 
LC-MS technology is frequently applied in the latter step [129]. The analytical system 
consists of an x—y autosampler, enabling the use of a 96-well plate, connected to a 
column-bypass API-MS [130] or fast LC-MS system [131]. Single-quadrupole systems 
are often used for this purpose, although the use of oa-TOF instruments is of growing 
importance; the accurate-mass determination allows a better confirmation of identity. The 
software allows the rapid analysis of large series of samples at a high sample throughput 
(i.e., up to 60 samples/h) in column-bypass mode [132]. On-line UV-PDA as well as other 
LC detectors, especially evaporative light-scattering detection, may be applied to establish 
compound purity [133]. The data-processing software not only automatically processes 
the data, but also presents them in a graphical representation of the 96-well plate, where 
the confirmed sample spots are colored green, while the others are colored red. More 
advanced color schemes have been described as well [134]. In some applications, the 
screening for biological activity and the mass spectral characterization are combined into 
one system [135], e.g., by the application of on-line bioaffinity columns [136] or integrated 
biodetection systems, based on antigen—antibody or ligand-receptor interaction [137]. 

Another software tool combines the rapid screening of combinatorial libraries or of 
series of extracts from natural products with preparative-scale purification of the relevant 
biologically active compounds. The fractionation is controlled by the response of the 
compound of interest in LC-MS. Initially, these systems were developed with 
conventional LC columns, but preparative-scale LC columns are now applied as well 
[138-141]. The structure confirmation in Open-Access and combinatorial-chemistry 
strategies is primarily based on determining the molecular mass of the intact compound. In 
subsequent stages of drug development, i.e., in impurity screening, identification of drug 
metabolites, and the search for degradation products in neat drugs and drug formulations, 
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more elaborate structure elucidation is required. Screening strategies based on precursor- 
ion and neutral-loss scans in MS—MS are frequently applied to the search for structurally 
related compounds [142]. Based on the product-ion mass spectrum of the parent 
compound and educated guesses of possible products, selective neutral-losses and/or 
possible common-product ions are selected. Dedicated software tools, providing advanced 
automated operation and data processing for metabolite identification, have become 
available. The accurate-mass determination of intact metabolites as well as product ions in 
MS-MS, by means of FT-ICR-MS [143] or Q-TOF hybrid [144] instruments constitutes 
important progress in this field. The applications of multiple MS—MS stages, as available 
on ion-trap MS systems, can be of great help in structure elucidation [145]. In addition, the 
on-line combination of LC-NMR and LC-MS are applied in metabolite studies, with the 
aid of either (triple) quadrupole or ion-trap MS systems [108,109]. 


10.4.2.2 Quantitative bioanalysis 


Quantitative bioanalysis is the most important application area of LC-MS, in terms of 
the number of instruments applied and the number of analyses performed. Quantitative 
bioanalysis is required to support pre-clinical and clinical drug testing and to provide 
pharmacokinetic and pharmacodynamic data. In addition, rapid quantitative bioanalysis is 
becoming more and more important as part of early studies of adsorption, distribution, 
metabolism, and excretion (ADME). Automated, unattended operation of the LC-MS 
instrumentation is required. Fast and routine LC-MS analysis also demands fast and 
automated sample pre-treatment strategies and advanced data-processing software. In 
order to speed up sample throughput, the use of generic methods is frequently explored, 
especially in early-ADME studies [146]. The keys to the success of LC-MS in 
quantitative bioanalysis are the excellent selectivity against possibly interfering 
compounds in the biological matrix, especially when operated in SRM mode, enabling 
typical detection limits in the pg- and, in favorable cases, even sub-pg-range, and the 
enhanced confidence in the identity of the compound(s) analyzed. LC-MS-—MS in SRM 
mode on triple-quadrupole instruments is the method of choice in quantitative analysis in 
pharmaceutical industries. Unfortunately, for proprietary reasons, only a limited number 
of reports on successful LC—MS applications in quantitative bioanalysis is available in the 
open literature. 

The higher selectivity achievable due to the use of SRM procedures is often immediately 
vitiated by a decrease in the quality of the sample pre-treatment and/or chromatographic 
separation. The reason for this is an increase in the sample throughput, which often puts 
serious demands on the sample pre-treatment methods and indicates the clear need for 
accelerating pre-treatment. Widely applied approaches are the use of parallel SPE 
procedures on short SPE columns or Empore disks, mounted in a 96-well plate format [147] 
and turbulent-flow LC-MS, enabling automated high-speed two- or four-channel parallel 
sample pre-treatment and chromatography [148]. While off-line sample pre-treatment 
seems to be preferred by most researchers, on-line strategies, e.g., based on Prospekt SPE 
instrumentation, are described as well. An example is the rapid determination of pranlukast 
and metabolites in human plasma [149]. Serious matrix problems may be experienced in 
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quantitative bioanalysis, especially in ESI. Signal suppression due to unknown matrix 
interferences is often observed, as described in a well-documented example by 
Matuszewski eft al. [150]. Changes in the sample pretreatment procedures may be 
successful in solving the problem, but in some cases changing over to APCI, when 
applicable, appears to be the only feasible solution of signal suppression. 


10.4.2.3 Environmental applications 


Another important application area of LC-MS is environmental analysis [151]. 
Strategies different from those used in pharmaceutical applications are often required. 
While in pharmaceutical applications the analysis is directed to particularly one or only a 
few target compounds, screening is often required in environmental analysis, covering a 
multitude of compounds at often drastically different concentration levels. Although 
restriction to a more limited number of compounds or compound classes is applied for 
practical reasons, for regulatory purposes, screening must be broad. A clear example of the 
dilemma in developing analytical strategies in environmental analysis is the screening of 
surface and ground waters prior to their use in the production of drinking water. European 
regulations demand the qualitative and quantitative determination of individual pesticides 
at levels of 0.1 wg/L or above. This can only be achieved by pre-concentrating samples by, 
e.g., off-line or on-line liquid—liquid extraction or SPE, in combination with SIM or SRM, 
i.e., target-compound-directed approaches. The sample pre-treatment often results in the 
concentration of interfering material that may compromise the determination of the 
analytes of interest. These materials can hamper full-scan analysis and/or may produce 
matrix-related ion-suppression effects. Moreover, various compound classes give quite 
different responses in ESI or APCI. Some compounds are best analyzed in positive-ion 
mode, while others only provide sufficient response in negative-ion mode [152]. For 
optimum SRM performance, the tuning parameters of ion source and collision cell must be 
optimized, basically for each individual compound or compound class. The problems 
increase even further when not only pesticides but other environmental contaminants like 
surfactants, (azo) dyes, and drug residues, must be taken into account. In this respect, 
compounds that can act as endocrine disruptors, have received considerable attention 
lately [153]. A typical approach in environmental analysis is an integrated system called 
SAMOS (Sec. 3.4). Any compound detected by a SAMOS system, applied in the field, 
must be identified by MS, often by LC-MS. For this, a more target-compound-oriented 
approach can be applied, because often the compound class can be determined by UV- 
PDA. SAMOS-like systems can be on-line, coupled to LC—MS, as demonstrated by the 
research groups of Brinkman [154] and Barceld [155]. In recent years, the sample volume 
needed for pre-treatment could be reduced (from 100 to 10 mL), as a result of the 
improved performance of the LC-MS instrumentation. 


10.4.2.4 Biochemical applications 


ESI is frequently applied at various stages of the characterization of peptides and 
proteins: molecular-mass determination, amino acid sequencing, determination of the 
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nature and position of chemical and post-translational modifications of proteins, 
investigations of protein tertiary and quaternary conformation, and the study of 
noncovalent association. In most cases, no on-line separation is needed, and the sample 
solution can be introduced directly via the ESI or nano-ESI interface. Impressive results 
have been achieved in this area [156-158]. On-line LC-MS for peptide and protein 
characterization has also been described, especially in relation to peptide sequencing and 
the characterization of secondary protein structure, e.g., post-translational modifications. 
The determination of the N-glycosylation sites in recombinant Human Factor VIII protein 
by reversed-phase LC-—ESI-MS [159] may serve as an example in this area. A 
microcapillary column-switching system, applied in combination with LC-MS has 
been described for the direct identification of peptides in major histocompatibility 
complex class I molecules[160]. 


10.4.3 Perspective 


In addition to applications in these three main areas, LC—MS has frequently been used in 
many other fields, such as in the study of natural products, many of which are covered in Part 
B of this book. LC-MS is appreciated for its sensitivity and selectivity, its specificity and 
the information furnished, e.g., on the molecular mass of the analyte. While it is easy to 
appreciate the benefits and advantages of LC-MS, its limitations appear to be somewhat 
neglected. The value of MS in LC-MS must be distinguished from its role in GC-MS. 

Unlike in GC-MS, the analyte peaks must be searched for against a relatively high 
background of the solvent-related ion current in LC-MS. While a total-ion chromatogram 
(TIC) in GC-MS often reveals the presence of a number of compounds, even with small 
amounts of sample, this is not necessarily true in LC-MS. Low-level multi-residue 
screening and/or the search for unknown compounds at low concentrations is still difficult 
in LC-MS. The use of reconstructed-mass and/or base-peak chromatograms can be 
helpful in this respect, but the implementation of base-peak chromatograms in most 
commercial MS software packages is rather poor: in most cases the m/z range to be 
searched for base peaks cannot be specified. Whereas in GC-MS the identification of 
unknown analytes, based on excessive fragmentation in EI and helped by computer library 
searching, is clearly successful, the identification of unknowns by LC-MS is more 
difficult. The fragmentation of protonated molecules in low-energy CID often leads to only 
a limited number of fragments. This will often be insufficient for unambiguous 
identification, because the information in the MS—MS spectrum is insufficient, and the 
interpretation is hampered by the lack of insight into the fragmentation rules. Because of 
the influence of experimental conditions on the appearance of MS—MS or in-source CID 
spectra, generating generally applicable MS—MS libraries has proved to be difficult. 

The softer and step-wise fragmentation achieved in CID in an ion trap is often very 
helpful in structure elucidation. The great number of ion-trap systems currently installed 
will perhaps allow the creation of dedicated spectral libraries. Current interest in the use of 
oa-TOF, Q-TOF, and FT-ICR-MS instruments for structure elucidation is based on the 
assumption that accurate mass determination of the (product) ions facilitates the 
interpretation of the fragments. Fortunately, identification of a completely unknown 
compounds is not always required. Generally, target-compound-like strategies can be 
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applied, improvements in software facilitates the rapid optimization of experimental 
parameters, and the automated, unattended data acquisition as well as data processing are 
helpful. Excellent integrated and user-friendly software is available for data evaluation of 
quantitative analysis by LC-MS, and dedicated software packages are available for 
operating LC-MS in specific application areas, e.g., open-access, screening of 
combinatorial libraries, peptide sequencing via (Internet) database searching, neonatal 
screening of blood for metabolic disorders, and MS-controlled fractionation in preparative 
LC. These types of applications will dominate the use of LC-MS in the coming decade. 
Further improvements in the instrumentation and, especially, in the software are to be 
expected, in order to adapt LC-MS to specific tasks within particular applications, and for 
some time to come, applications in the pharmaceutical industry and proteomics will 
continue to be the most important application areas for LC-MS. 
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11.1 INTRODUCTION 


The applicability of contemporary microfabrication technology to analytical devices 
initiated a rapidly advancing interdisciplinary field in separation science. Microfluidic 
systems are used for transporting and manipulating minute amount of fluids and/or 
biological entities through micro-channel manifolds and allow integration of various 
chemical processes into fast, automated, and monolithic structures. Microfabricated 
analytical devices, often referred to as lab-on-a-chip systems, include micro-separation 
units, miniaturized reactors, micro-arrays, and most possible combinations of the above. 
The latest achievements in this rapidly progressing field are summarized in a few recently 
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published books [1-3], describing in detail the broad multidisciplinary subject of 
microfluidics, originating in different areas of physics, chemistry, biology, and 
engineering. Materials and micro-technologies, currently used to fabricate microfluidic 
devices, as well as the main principles and formats of typical electrokinetic manipulations, 
separations, and detection methods, have been detailed in several reviews [4,5]. Most of 
the progress in this area has been in the rapidly developing fields of the global analysis of 
genomes, proteomes, and metabolomes. The topics covered in this chapter are limited to 
the most recent developments and trends in microfluidic analyses of biological interest, 
mainly DNA, proteins, and complex-carbohydrate analysis and high-throughput screen- 
ing. It has become evident that there is a tremendous market potential for micro-devices 
supporting diagnostics, drug discovery, and evaluation of new pharmaceuticals. Some of 
the main advantages of miniaturization include improved performance, separation speed 
and throughput, reduced costs and reagent consumption, and the promise of integrated and 
parallel analysis [4,6—9]. Microfabricated analytical devices are also expected to satisfy 
the urgent demand of large-scale applications. 


11.2 CAPILLARY ELECTROPHORESIS ON MICROCHIPS 


11.2.1 Microfabrication methods 


A number of microfabrication techniques, initially developed for micro-electronics and 
micro-electro-mechanical systems (MEMS), are now penetrating the biotechnology field 
and are being used for building analytical devices. Compared to silicon-based micro- 
electronic devices, biochips are much more diverse, due to the large variety of materials, 
chemicals and fluids used. The microfabrication methods comprise photolithography in 
rigid materials (glass, quartz, silica) as well as fabrication in plastics and elastomers. Glass 
substrates are the most common because of good optical properties and well-developed 
microfabrication technology and surface chemistry. On the other hand, various polymeric 
materials are becoming more and more attractive for certain types of applications due to 
their potentially low manufacturing costs and concomitant disposability. Informative 
overviews as well as detailed descriptions of microfabrication methods used for patterning 
fine structures and assembling analytical micro-devices can be found in a number of recent 
publications [1—5,10]. 

A typical lithographic process consists of three successive steps, schematically shown 
in Fig. 11.1 [10]: 

(1) coating a substrate with an irradiation-sensitive polymer layer (“resist”); 

(2) exposing the resist to light, electron or ion beams; and 

(3) developing the resist image with a suitable chemical. Exposure can be effected 
either through a mask for parallel replication or by scanning a focused beam, pixel by 
pixel, to form a designated pattern. Conventional photolithography involves the 
interaction of an incident beam with a solid substrate. Absorption of light or inelastic 
scattering of particles affects the chemical structure of the resist by changing its solubility. 
The resist response can be positive or negative, depending on whether the exposed on 
unexposed portions are removed from the substrate after development. The development 
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Fig. 11.1. Schematic representation of lithography and pattern transfer techniques. (Reprinted from 
Ref. 10 with permission.) 


step is followed by pattern transfer from the resist to the substrate. Different pattern 
transfer techniques are available: etching of unprotected areas (both wet chemical and dry 
plasma etching can be used), selective growth of materials in the grooves of the resist, and 
doping through the open areas by diffusion or implantation [10]. Multilevel fabrication is 
achieved by performing lithography and pattern transfer for each level. Conventional 
lithographic methods comprise electron-beam lithography for primary patterning directly 
from a computer-designed pattern; focused ion-beam lithography for highly localized 
micro-patterning; optical projection lithography used for mass production of integrated 
circuits; extreme UV lithography with laser-induced plasmas or synchrotron radiation; 
X-ray lithography and electron- and ion-projection lithography [11]. Among the emerging 
nonconventional microfabrication methods it is worthwhile to mention nano-imprint 
lithography for creating three-dimensional structures in heated polymers with a rigid 
mold; soft lithography or micro-contact printing, based on the use of an elastomer stamp to 
ink a solid substrate with self-assembling mono-layers, which then is used as a mask for 
wet etching (fine features, as small as 200 1m, can be obtained); near-field optical 
lithography; proximity-probe lithography, based on surface modification by means of 
scanning tunneling microscopy, atomic-force or scanning near-field optical microscopy; 
and some other methods [10,12]. Replication technologies widely employed for micro- 
device fabrication in plastics are very well summarized in recent reviews [4,6,13,14], 
which describe master fabrication, hot embossing, injection molding, casting and soft 
lithography, as well as some direct techniques, such as laser ablation, milling, optical 
lithography in deep resists, stereo-lithography, multi-layer approaches with sacrificial 
layers and thin-film growth. Other microfabrication aspects include sealing steps to form 
complete devices with enclosed micro-channels by direct bonding, lamination, gluing, and 
possibly welding (using a laser or ultrasonic-wave energy) [13]. 

Some important advantages of polymeric materials over more “traditional” glass and 
fused silica include: 
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(a) inert surface characteristics, especially favorable for many biological polymer 
separations and enzymatic reactions; 

(b) feasibility of fabrication of high-resolution deep and shallow features with well- 
defined vertical walls, for which a number of well-developed methods and a variety 
of materials [e.g., poly(dimethylsiloxane) (PDMS), poly(methyl methacrylate) 
(PMMA), polystyrene, polycarbonate, cellulose acetate, poly(ethylene terephthal- 
ate)] are readily available; 

(c) a certain chemical resistance; 

(d) low fabrication temperatures, suitable for performing some delicate biological 
assays and other on-chip integrations, such as patterning of the substrate with 
different chemicals, coatings, deposition of microelectrodes, etc.; 

(e) applicability of fast mass production at low cost. Fig. 11.2 depicts schematically a 
typical fabrication process of the elastomer PDMS by means of soft lithography and 
replica molding — an excellent approach for rapid prototyping of cheap disposable 
microfluidic devices [14]. 

The first application of biodegradable polymer micro-structures and micro-devices was 
reported by Armani ef al. [15]. The degradability in tissues holds an immense promise for 
such materials in designing implantable medical micro-devices. The authors described 
novel techniques for microfabrication, using biodegradable polycaprolactone, which 
enabled formation of 3-D microstructures via silicon micro-molding, transferring metal 
patterns to the plastic substrates, and sealing both dry and liquid-filled micro-cavities with 
a thin gold film [16,29]. Microfabrication of PMMA with the use of deep X-ray etching is 
being actively developed in Soper’s group [16], and their new complex PMMA-based 
device, integrating nano-reactors and micro-separation devices is described in Sec. 11.4. 

The applicability of a novel and promising polymeric material, Zeonor 1020, to the 
fabrication of microfluidic chips has been investigated at Cornell University [17]. The 
authors employed conventional embossing techniques to fabricate electrophoresis micro- 
channel structures, coupled with a micro-sprayer via a micro-liquid junction. The device 
provided efficient electrospray MS detection of CE-separated components. Zeonor 
polymer, commonly used in manufacturing compact disks, is inexpensive and possesses 
favorable physical characteristics, such as good chemical resistance to organic solvents, 
applicability of standard plastic microfabrication techniques, as well as good bonding and 
optical properties. All of the above could make this new polymer a desirable microchip 
manufacturing candidate. Some other recent plastic-based implementations of micro- 
fluidic devices for integrated processing and analysis of biological samples will be 
described in the following sections. 


11.2.2 Fluid manipulation and injection techniques 


For miniaturized analysis systems, sample handling and manipulation are of great 
importance. Specific problems resulting from the shrinking of macroscopic systems 
include failure of samples to be representative and of manipulations to be reproducible. 
This makes it necessary to incorporate specific micro-scale techniques and components in 
such devices. In particular, analytical performance of microfluidic devices is drastically 
affected by dead-volumes in the system and also by surface properties of the fluidic 
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Fig. 11.2. Rapid prototyping and replica molding of microfluidic devices in polydimethylsiloxane 
(PDMS). (a) The channel design is created by a computer-assisted program and the file, printed on a 
high-resolution transparency, also serves as a photomask, in contact photolithography, to produce a 
positive relief master in a photoresist (SU-8). The exposed areas are polymerized and the rest is 
dissolved. (Reprinted from Ref. 14 with permission.) (b) Replica molding by casting a pre-polymer 
on a master, curing, surface treatment with oxygen/air plasma, and sealing a microdevice. (Reprinted 
from Ref. 182 with permission.) 


channels. Microfluidic devices for separation-based analysis are typically operated by 
means of electrokinetic forces and/or pressure. Microchip-based, integrated CE systems 
were pioneered by Widmer’s group in the early 1990s [18,19] and have been developing 
fast over the last decade. Transferring separation concepts of conventional CE, capillary 
electrochromatography (CEC), micellar electrochromatography, sample stacking and 
derivatization techniques to the planar microchip format, in conjunction with the 
integration of the various analysis steps, into a monolith system, resulted in dramatic 
improvements of analytical performance, speed, and throughput. Electrokinetic 
forces include both electrophoretic and electro-osmotic phenomena, which are often 
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superimposed on each other. Electro-osmotic flow (EOF) in the channels, which is due to 
the presence of surface charges, can be utilized for transporting small amounts of material 
through the microchip manifolds with minimal zone dispersion and typical flow-rates in 
the order of 100 pL/sec to 1 nL/sec [20]. If, on the other hand, EOF adversely affects 
separation performance, it can be suppressed (or even reversed) by means of surface 
modification or passivation. A number of capillary/channel coating procedures, developed 
for CE or CEC [21-23], have been adapted for microfluidic chips. If external potentials 
are applied to a system of interconnected channels, the respective field strength in each 
channel will be determined by Kirchhoff’s laws, where the channels behave as an 
electrical network of resistors [24]. Mass transport of the materials in each channel takes 
place according to the direction and magnitude of the electric fields. Thus, complex fluid 
manipulations at femtoliter to nanoliter scale are easily achieved in microchips without 
any active control devices or moving parts, such as valves or external pumps. 

Samples are typically introduced into separation channels by means of integrated 
injectors, formed by cross or double-tee intersections of sample/sample waste and 
separation channels [18,20,25]. Such miniaturized valveless injector configurations enable 
precise volume-defined electrokinetic injections of very small sample plugs with high 
reproducibility [24]. Different injection configurations, e.g., so-called pinched and gated 
modes, allow time-based analyte volume control [18,25]. Electrokinetic manipulations 
can be used on-chip for stack injection [25], zone manipulations [20,24—26], fraction 
collection, on-line sample derivatization, and other applications [4,26]. Hydrodynamic 
forces can be employed in microfabricated devices for reagent delivery [27,28], direct 
coupling to external flow-through pressure-driven analyzers for uninterrupted sampling 
[29], and precise on-chip pressure-driven mixing of reagents and liquids to carry out 
various reactions and assays [30]. A multi-port flow-control system for microfluidic 
devices has been reported [30] for dye mixing and enzyme titration experiments with 
pressure-driven flow only. 


11.2.3 Detection schemes 


Extremely small amounts of analyte require sensitive detection methods. Laser-induced 
fluorescence (LIF) has been the most popular detection scheme so far, due to its inherent 
selectivity and sensitivity [4]. Typically, a laser beam is focused inside the micro-channel 
as a small spot to excite flourescently labeled analyte molecules passing the detection 
window. This is achieved by either angular [31] or confocal illumination [32] and the 
fluorescent light is collected and collimated with a microscope objective, passed through a 
set of optical filters and dichroic mirrors, if necessary, to a detector, such as a 
photomultiplier tube (PMT), avalanche photodiode (APD), or charge-coupled device 
(CCD). Ultraviolet or visible-light absorption-based detectors have been also tested for 
microchips [33,34] with a specially fabricated detection cell and additional channels to 
integrate optical fiber guides to overcome sensitivity limitations. 

Electrochemical methods offer an alternative approach to on-chip detection by 
electrode microfabrication [35-37], benefiting from the possibility of complete 
integration of the analysis and miniaturized detection on a single device. Mass 
spectrometry, as one of the most powerful detection and identification techniques, has 
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been successfully interfaced with micro-devices and has significantly enhanced microchip 
applicability. Specific designs and applications of microchip/MS systems will be outlined 
in Sec. 11.3.2. Among other detection schemes are Raman spectroscopy [38] and 
holographic refractive-index detection [39]. 


11.3 APPLICATIONS 


11.3.1 DNA fragment analysis and sequencing 


Analysis of nucleic acids is one of the leading applications of microchip-based analysis 
today. Because deleterious effects of Joule heating during electric field-mediated 
separations in micro-channels are negligible and very small, well-defined sample plugs 
can be injected, the separation efficiency of microfluidic analytical devices is mainly 
diffusion-limited. This results in a performance that is superior to slab-gel and capillary 
electrophoresis. Rapid, high quality separations on-chip have been demonstrated for the 
analysis of oligonucleotides, RNA and DNA fragments, as well as in genotyping and 
sequencing applications. Typically, LIF is employed for detection, but other methods such 
as MS and electrochemical detection have been applied as well. 

Shorter separation distances than in conventional CE present new challenges to the 
optimization of such separating conditions as electrokinetic manipulations, channel 
geometry, and sieving media. The geometrical effects of folded (serpentine) micro- 
channel structures on band-broadening have been extensively studied [40,41]. A variety of 
separation matrices, developed for CE instruments, are based on viscous solutions of 
entangled water-soluble polymers, and have been successfully applied to microchip 
electrophoresis of DNA. Linear polyacrylamide (LPA) and its derivatives, e.g., 
poly(dimethylacrylamide), as well as poly(ethylene oxide) (PEO), poly(vinylpyrrolidone) 
(PVP), poly(ethylene glycols), hydroxyethylcellulose, and other polysaccharide and 
cellulose derivatives have been utilized for size separations of nucleic acid molecules in 
micro-channels [42]. Recently introduced novel thermoresponsive co-polymers, compris- 
ing hydrophobic and hydrophilic blocks, such as pluronics [43-45] and 
poly(isopropylacrylamide), grafted with poly(ethylene oxide) chains [46], have shown 
promising results. These matrices have pronounced temperature-dependent viscosity 
transition points, and this suggests promising implementations. In particular, thermo- 
responsive polymers can offer some practical advantages in micro-channel electrophor- 
esis, enabling easier handling and loading of viscous polymer solutions without the 
requirement of a high-pressure manifold. Barron’s group [47] has constructed interesting 
“viscosity-switch” materials, which respond to changes in temperature, pH, or ionic 
strength. These matrices are based on co-polymers of acrylamide derivatives with variable 
hydrophobicity and possess reversible temperature-controlled viscosity-switch character- 
istics (change of high-viscosity solutions at room temperature to low-viscosity colloid 
dispersions at elevated temperatures). Also, high resolving power and good DNA 
sequencing performance (463 bases in 78 min) was observed for these copolymers. 

An example of a matrix-free approach to DNA separations has been presented by 
Han et al. [48]. A nano-fluidic channel was designed and fabricated to separate long DNA 


438 Chapter 11 


molecules, based on the so-called “entropic-trap” principle. The separation channel had 
relatively wide (1.5—3 wm) and narrow (75-100 nm) regions, causing size-dependent 
trapping of DNA at the start of each constriction (Fig. 11.3). The mobility differences 
created by this means enabled DNA separation without the use of any sieving polymer 
matrix or pulsed electric fields. Fragments in the 5—160 kbp range were successfully 
separated in a 1.5-cm channel. A device with parallel channels was also demonstrated. 
Simplicity of the microfabrication approach, its efficiency, and the possibility of 
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Fig. 11.3. Nano-fluidic separation device with entropic traps. (a) Schematic cross-sectional diagram 
of the device. DNA molecules are trapped during electrophoresis whenever they meet a thin region 
with the depth (f,) much smaller than the radius of gyration (R,). tz, depth of the larger channel 
regions. (b) Top view of the device in operation. Trapped DNA molecules eventually escape, with an 
escape probability proportional to the length of the slit covered by the DNA molecule (w, and w,). 


Larger molecules have higher escape probability because they cover wider regions of the slit 
(w, > w,). (c) Experimental setup. (Reprinted from Ref. 48 with permission.) 
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theoretical modeling suggested a potential practical combination of these results into an 
integrated DNA analytical system. 

The major applications of electrophoresis on microchips include sizing of double- 
stranded DNA fragments [5,49-—53], short single-stranded oligonucleotides [54], and 
ribosomal RNA fragments [55]. High separation performance and speed (ranging from a 
few seconds to a few minutes) have been achieved. DNA genotyping on microchips 
enables quick identification of genes and can substantially enhance the capabilities of 
genomic, diagnostic, pharmacogenetic, and forensics tests. The identification of genes 
related to hereditary diseases, such as muscular dystrophy [56] and hemachromatosis [57], 
has been accomplished on-chip. An ultra-fast allelic profiling assay for the analysis of 
short tandem repeats (STR) has also been demonstrated [58]. Separation of the CTTv 
quadruplex allelic ladder system was accomplished in less than 2 min, using a 26-mm 
separation distance and resulting in an analysis time which was 10 and 100 times shorter 
than that for capillary or slab-gel electrophoresis, respectively [59]. Two-color multiplex 
analysis of eight STR loci has also been performed by the same group. 

A number of publications have demonstrated the feasibility of DNA sequencing in 
microfluidic chips [30,63,64]. This is one of the most challenging tasks in DNA 
separation, since very high resolving power is required for accurate base calling. High- 
speed, high-throughput four-color sequencing analysis has been performed on-chip in 
20 min with a read-length of over 500 bases [60]. Microfabricated devices can perform 
high-throughput DNA sequencing in a 96-channel array format [27]. Based on the best 
results reported so far, roughly 1200 bases per channel per hour can be identified, yielding 
2.7 Mbases per day in a 24-h cycle with 96-lane chips [61]. Combining the capabilities 
of microfluidics with the sensitivity of fluorescence-based detection methods, a single 
DNA molecule can be detected on electrophoresis microchips. The single-molecule 
fluorescence-burst counting technique has been used to monitor DNA separations in 
microfluidic channels with the aid of an avalanche photodiode detector and sample-stream 
focusing, either electrodynamically or by physical tapering of the separation column in the 
detection region [62]. 

DNA field-inversion electrophoresis has been implemented on a microchip device to 
accommodate a shorter effective separation length [63]. The method employed a pulsed 
field, periodically switched at 180° angle with a certain optimized frequency at which 
DNA molecules exhibit a mobility minimum and band-inversion phenomena. Short 
oligonucleotides, 20-, 40-, and 60-mers, were effectively separated, using only a 6-mm 
separation distance. The authors suggested that this technique might have a great potential 
for single-strand conformation polymorphism (SSCP) analysis. An interesting approach to 
reducing the applied separation voltage, while maintaining high electric field strength, has 
been proposed [64]. An array of microfabricated electrodes divided a channel into smaller 
separation zones. A small DC voltage was sequentially applied to the proper pairs of 
electrodes to generate a moving electric field. Different electrode layouts and their effects 
on the field uniformity were investigated. This technique contributes to the versatility of 
tools for microfluidic manipulations. A number of studies have dealt with the optimization 
of micro-scale DNA amplification by polymerase chain reaction (PCR). Two possible 
embodiments can be envisioned, an enclosed micro-chamber and an open well format, 
both of which can be multiplexed to an array. Fast, real-time PCR analysis was 
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demonstrated in silicon micro-chambers by several groups [65-68]. DNA amplification 
can be coupled with special microfluidic cartridges designed to carry out several 
sequential steps of DNA extraction from different sample types prior to the PCR [69]. 
DNA amplification in open format has not yet been reported, but other chemical and 
enzymatic reactions, conducted in nano- and pico-vials, have shown promising results 
[70-73]. There have been several reports on integration of DNA amplification and 
electrophoretic separation on a single microfabricated chip [35,74—78]. These devices 
contain small reaction wells, which are thermocycled to generate the amplicons, followed 
by the injection/separation/detection steps in the interconnected micro-channel network. 
An integrated system, combining fast on-chip DNA amplification by local thermocycling 
and pre-concentration techniques, followed by microchip electrophoretic sizing, was 
reported by Khandurina et al. [76]. DNA fragment pre-concentration was accomplished 
prior to injection by means of a microfabricated porous membrane structure [79] 
(Fig. 11.4). This method enabled reduction of the PCR cycle number and speeded up the 
total analysis time (< 20 min) [76]. A microchip device, developed by Mathies’ group, 
was coupled to a special micro-chamber with fast heating/cooling capabilities for effective 
DNA amplification [35]. Recently, the same group developed an integrated monolithic 
system incorporating several 280-nL PCR chambers etched into a glass structure and 
connected to microfluidic valves and hydrophobic vents for sample introduction and 
immobilization during the cycling (Fig. 11.5) [77,78]. The low thermal mass and use 
of thin-film heaters enabled cycle times as short as 30sec. The amplified products 
were directly injected into the corresponding gel filled microchannels and detected by 
laser-induced fluorescence. The excellent detection sensitivity attained (20 copies/wL) 
suggested that it might be possible to perform stochastic single-molecule PCR 
amplification. 

It is worth noting that there are similar trends of system integration in capillary 
electrophoresis. An automated capillary array machine for DNA typing directly from 
blood samples [80], as well as nano-reactor-based cycle sequencing instrument [81], have 
been developed by Yeung’s group. Microfluidic elements and a micro-thermocycler were 
incorporated to co-amplify STR loci or carry out sequencing reaction, as well as on-line 
CZE purification of the products, loading/injection, and regeneration/cleaning. An 
interesting alternative to a micro-chamber reaction format has been proposed by Manz’s 
group, who demonstrated a continuous-flow PCR system [82,83]. A PCR cocktail was 
pumped continuously through a serpentine glass channel, periodically passing the three 
different temperature zones to perform denaturation, annealing and amplification steps. 
Although, total reaction time was relatively long (50 min for 20 cycles), multiple 
simultaneous reactions can be carried out by sequential introduction of separate reactions 
in each loop. 

Ultra-short thermal cycling times of 17 sec per cycle have been achieved by employing 
IR radiation-mediated heating and compressed air cooling to amplify DNA in a capillary 
or on-chip microchambers by Landers’ group [84-86]. A tungsten lamp, thermocouple 
feedback, and computer interface were used to accurately control the temperature by a 
combination of light intensity and air-flow. A novel thermocycling system, based on a 
capillary, equipped with bi-directional pressure-driven flow and in situ optical position 
sensors, has been presented by Ehrlich’s group [87]. A 1-w~L PCR mix droplet was 
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Fig. 11.4. Overlay of injection tee and porous membrane. (a) Charge-coupled device images of 
analyte concentrated for (b) 2 and (c) 3 min. (d) Injection of concentrated analyte plug. Porous 
membrane region 7 zm width. All channels filled with 3% linear polyacrylamide in 1 X TBE buffer. 
DNA sample, ®X-174-Hae III digest with intercalating dye, TO PRO, added. In pre-concentration 
mode (b, c) 1 kV was applied between the analyte and side reservoirs with no potential at the buffer 
and waste ports. During injection (d), relative potentials applied to buffer, analyte, and waste ports 
were 0, 0.4 and 1.0 kV, respectively (with no potential at the side). (Reprinted from Ref. 79 with 
permission.) 


controllably moved between three different heated zones in a 1-mm-ID oil-filled capillary. 
A light-scattering detector was used to control the droplet position. Thirty PCR cycles 
were completed in 23 min with good amplification efficiency. The maximum possible 
speed with this arrangement was estimated to be as high as 2.5 min. A hybrid PDMS-glass 
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Fig. 11.5. Monolithic, integrated, microfluidic PCR amplification and CE analysis system. 
Schematic drawing of 100mm mask for PCR-CE device. The sample is loaded in the fluidic bus 
reservoir, A. It then travels through the valve port, B, into the 280-nL PCR chamber, C, and stops at 
the vent port, D. (Hydrophobic vents are used to locate the sample and to eliminate gas.) The PCR 
chamber is directly connected to the injection cross and separation channel with its cathode, E, and 
anode, G, reservoirs. The insets show the side and top views of the valve and vent structures. This 
multireactor system permits the introduction of a single sample into four different reactors for 
multiple analyses, if desired. Two aluminum manifolds, for the vents and valves, are placed into the 
respective ports and clamped in place by applying vacuum. The manifolds are connected to the 
external solenoid valve for pressure and vacuum actuation. Thermocycling is accomplished with a 
resistive heater and a miniature thermocouple below the PCR chamber. (Reprinted from Ref. 77 
with permission.) 


microchip for functional integration of DNA amplification and gel electrophoresis 
was recently reported [88]. Thermoelectric heating/cooling control was used in this case. 
Such devices can be disposable, because they are inexpensive and relatively simple to 
fabricate. 


11.3.2 Rapid protein analysis 


In conventional proteomics proteins are extracted from cells, separated and detected by 
2-D gel electrophoresis, bands are cut out and digested, and then the resulting peptide 
mixture is analyzed by MS. These techniques are rather slow and labor-intensive. 
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Integrated, fast, and high-throughput multi-sample systems are in great demand. 
Microfluidic devices offer new opportunities, unavailable in traditional protein analysis 
technologies, for control and automation of multiple sample processing steps. The 
majority of the recent developments in microfluidics for protein applications is related to 
the combination of single- or multi-dimensional micro-channel separations and MS 
detection [89,90]. Here, we will mention only a few interesting examples of the most 
recent microfluidics-based solutions in the rapidly developing world of proteomics. 

A number of research groups focused their efforts on performing traditional 2-D gel 
electrophoresis in microchip format. The problems of protein purification and desalting 
prior to the analysis were addressed in microfabricated structures by the use of semi- 
permeable membranes, sandwiched between microfluidic manifold layers, and connecting 
the buffer and analyte counter-flows [91,92]. This micro-dialysis enabled effective clean- 
up and separation of analytes from low-molecular-weight compounds, and enhanced 
subsequent MS characterization. Similar fluidic constructions, microfabricated in plastic 
[92,93], are discussed in more detail later in this chapter. Examples of isoelectric focusing 
(IEF) of proteins in microchips demonstrate the potential of micro-scale techniques [89]. 
Chip-based IEF has been accomplished in 30 sec in a 7-cm channel with a capacity of ca. 
30-40 peaks [94]. Electro-osmotically driven mobilization of the focused zones was 
found to be the most suitable technique for a microchip, due to easy implementation and 
high speed. Nevertheless, IEF analysis has been performed so far on simple samples only, 
and the resolving power achieved was low in comparison with conventional immobilized 
pH gradient IEF gels. An integrated IEF/ESI-MS plastic microfluidic device, coupling the 
electrospray tip to the microchip, has also been reported [95]. 

Chromatography and electrophoresis represent the two major separation techniques 
for proteins. The latter is by far more popular in microchip applications, because it is 
easier to apply in miniaturized formats. Nevertheless, on-chip chromatographic 
separations have recently been attempted by trapping coated beads in a micro-cavity 
within a micro-channel network [96], or by using in situ microfabricated structures [97] or 
polymerized [98] beds. Numerous examples of microchip electrophoretic separations of 
peptides and proteins in free-zone and micellar electrokinetic chromatography (MEKC) 
format have been demonstrated and reviewed [4,6,8,89]. SDS gel electrophoresis has also 
been performed in micro-channels [99]. Six proteins in the 9- to 116-kDa range were 
separated in 35 sec, which is five times as fast as the fastest SDS-protein separation in CE 
[100]. 

The development of more sophisticated microfluidics systems with both “horizontal” 
integration — by building parallel analysis lanes for high-throughput applications — and 
“vertical” integration — by implementing several functions on a single device — is perhaps 
the most exciting trend in microchip technology. Recently, a new microfluidic glass device 
was developed for integrated protein-sizing assay. It performs separation, staining, virtual 
de-staining and detection in less than 30 min and can sequentially analyze 11 different 
samples [101]. Universal noncovalent fluorescent labeling on-chip was employed in 
combination with post-separation dilution to reduce fluorescent background, associated 
with SDS micelle-bound dye, to increase the signal-to-noise ratio. Hydrophobic regions of 
the SDS/protein complexes bind noncovalent fluorogenic dyes, such as Sypro dyes, Nile 
Red, and ethidium bromide. This results in fluorescence enhancement, similar to that of 
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intercalating dyes in DNA analysis, and offers certain advantages for protein labeling over 
the traditional chemical attachment [102]. The applicability of this technique to micro- 
scale protein separations has been investigated by several research groups [103-105]. 
High speed and sensitivity of microseparations, and the option of on-chip pre- or post- 
separation labeling, mixing, destaining, etc., proved to be clearly advantageous in a 
combination with noncovalent protein-staining dyes. High separation efficiency and low 
detection limits (in some cases as low as pg- and attomol level [104]) were demonstrated. 

An ultimate microfabricated analog to 2-D IEF/SDS-PAGE has not yet been reported, 
but examples of two-dimensional analysis in microchips and micro-gels [106] have been 
published recently. Multi-dimensional separations are superior to one-dimensional 
methods, due to the multiplicative increase in peak capacity. Open-channel electro- 
chromatography (OCEC) and capillary electrophoresis, as first and second dimensions, 
respectively, have been implemented on a single glass chip [107] (Fig. 11.6). A 25-cm 
spiral OCEC channel, coated with octadecyl groups, was connected with a 1.2-cm straight 
CE channel through a cross-injection junction. The effluent from the first dimension was 
repeatedly injected into the CE channel every few seconds. The sampling (injection) rate 
of the effluent of the first dimension into the second one was optimized to perform 
representative CE analysis of the OCEC separation products. Fluorescently labeled tryptic 
digests of B-casein were analyzed in 13 min in this device. Another, similar 2-D 
microfabricated device [108] combined micellar electrochromatography (MEKC) and CE 
for the analysis of peptide mixtures. The peak capacity of the 2-D device was estimated to 
be in the 500-1000 range, greatly improving the separation efficiency of each dimension 
alone. The approach can be useful for rapid automated fingerprinting of proteins and 
peptides with possible coupling to MS detection. 

Immunoassays represent a very important tool in clinical diagnostics and medical 
research. Various miniaturized immuno-assays mostly based on competitive antigen/anti- 
body interactions, have been performed successfully in electrophoresis microchips, 
demonstrating greater speed and the feasibility of automated analysis in a portable format. 
Earlier progress in this field has been described in several reviews [8,89]. Among the most 
recent developments, Gottschlich et al. [109] reported an integrated microchip device that 
sequentially performed enzymatic reactions, electrophoretic separation of the products, 
post-separation on-line labeling of the peptides and proteins, and fluorescent detection. 
Tryptic digestion of oxidized insulin B-chain was performed in 15 min under “stopped 
flow” conditions in a locally thermostated channel. The electrophoretic analysis was 
completed in 1 min, and the separated peptides were labeled with naphthalene-2,3- 
dicarboxaldehyde (NDA) by on-chip mixing. The same device was also used for on-chip 
reduction of disulfide bridges in insulin. 

A new class of microfluidic immuno-assays, based on solid-supported lipid bilayers, 
has been described recently [110]. The bilayers, created on PDMS surfaces of an array of 
parallel microchannels, contained dinitrophenyl (DNP)-conjugated lipids for binding with 
fluorescently labeled anti-DNP antibodies of different concentration in each channel. The 
methodology can be used for performing rapid and accurate heterogeneous assays in a 
single experiment, and the amount of proteins required is significantly less than for 
conventional methods. Nano-vials are another example of the use of microfabricated 
devices for protein analysis [70,71]. These very small wells, fabricated in different 
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Fig. 11.6. (a) Microchip used for 2-D separations. The separation channel for the first dimension, 
open-channel electrochromatography (OCEC), extends from the first valve, V1, to the second valve, 
V2. The second dimension, capillary electrophoresis (CE), extends from V2 to the detection point, y 
(0.8 cm from V2). Sample (S), Buffers 1 and 2 (B1, B2), sample waste 1 and 2 (SW1, SW2), and 
waste (W) reservoirs are positioned at the terminals of each channel. The arrows indicate the 
detection points in the OCEC channel (x) and CE channel (y). (b) 2-D separation of 
tetramethylrhodamine isothiocyanate (TRITC)-labeled tryptic digest of B-casein. The projections 
of the 2-D separation into the first dimension (OCEC) and the second dimension (CE) are shown to 
the left and below the contour plot, respectively. The field strengths were 220 V/cm in the OCEC and 
1890 V/cm in the CE channels. The buffer was 10 mM sodium borate with 30% (v/v) acetonitrile. 
(Reprinted from Ref. 107 with permission.) 
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substrates, feature a high surface-to-volume ratio and have shown higher reaction 
efficiency (e.g., in enzymatic digestion) than conventional micro-fuge vials. The solvent 
evaporation problem was addressed by periodic solvent addition and/or humidification of 
the surrounding environment, as well as by continuous compensation for evaporation with 
an array of solvent-delivery capillaries [71]. Performing chemical reactions on a sub- 
nanoliter scale in a parallel fashion opens new opportunities in high-throughput 
proteomics, particularly when combined with MALDI-TOF-MS. 

Since MS is the favored method of protein detection and characterization, a number of 
reports on microfluidic devices coupled to mass spectrometers have appeared [89,95, 
111-117]. Such a combination enables automated sample delivery and enhanced MS 
analysis efficiency by, for instance, integrated sample processing/enrichment/clean-up and 
fractionation prior to detection. These devices can transport the analyte fluid 
electrokinetically or by pressure and generate electrospray via an attached capillary or 
more complex emitter couplings. Enzymatic digestion was monitored in real time with 
high detection sensitivity (0.1—2 pmol/wL of loaded sample) on a hybrid microchip nano- 
electrospray device by peptide mass fingerprinting [117]. The same research group used a 
microfabricated, electrically permeable, thin glass septum to generate electrospray by 
electroosmotically pumping the solutions through field-free channels, past the point where 
the CE electric potential was applied [116]. Automated MS analysis was reported by 
Ekstrom et al. [118], who utilized a porous, microfabricated digestion chip, integrated 
with a sample pre-treatment robot and micro-dispenser for transferring reaction products 
to a MALDI target plate. A new design for high-throughput microfabricated CE/ESI-MS 
with automated sampling from a micro-well plate has been reported by Karger’s group 
[119,120]. The assembly combined a sample loading port, separation channel, and a liquid 
junction for coupling the device to the MS with a miniaturized sub-atmospheric 
electrospray interface (Fig. 11.7). The micro-device was attached to a polycarbonate 
manifold with external reservoirs, equipped for electrokinetic and fluid-pressure control, 
which simplified the micro-device design and enabled extended automatic operation of the 
system. A computer-activated electro-pneumatic distributor was used for sample loading 
and washing the channels. Automated CE/ESI-MS analysis of peptides and protein digests 
was successfully demonstrated. 


11.3.3 Separation of other biologically important molecules 


Applications of microfluidic devices to the analysis of complex carbohydrates and 
other biologically important molecules, such as lipids and fatty acids, have been very 
sparse so far, probably due to the limited development of CE techniques for these analytes, 
in contrast to polynucleotides and proteins [121]. Fractionation of lipids and fatty acids is 
complicated mainly because of their poor solubility in aqueous solutions. They therefore 
require nonaqueous organic media or surfactant micellar systems. Carbohydrate analysis, 
on the other hand, is complex due to wide diversity of carbohydrate structures [122]. Also, 
derivatization is often necessary to introduce charges and UV or fluorescent labels into 
the neutral sugar molecules. In spite of the lack of examples of microchip applications for 
the analysis of these biopolymers, it is reasonable to anticipate its rapid emergence in the 
future. 
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Fig. 11.7. Diagram of the micro-device with a subatmospheric electrospray interface. The expanded 
view shows the coupling of the ESI tip with the separation channel in the liquid junction. (Reprinted 
from Ref. 119 with permission.) 


A mixture of sucrose, N-acetylglucosamine, and raffinose was separated in 17 sec ona 
synchronized cyclic capillary electrophoresis chip with a square channel, using a 
holography-based refractive index detection method [39]. Although the initial detection 
limits were poor compared with alternative techniques, the potential of a small-volume 
universal detection for chip-based separations was demonstrated. Wang ef al. [123] 
achieved simultaneous microchip CE-based bioassays of a mixture of compounds 
(glucose, uric acid, ascorbic acid, and acetaminophen). Enzymatic oxidation of glucose 
was carried out in a micro-channel, followed by the separation and electrochemical 
detection of the neutral peroxides and anionic uric and ascorbic acids. The chip-based 
procedure allowed integration of miniaturized bioassays, separations and amperometric 
detection on a single device, competitive with benchtop analyzers and conventional 
biosensors in terms of performance, speed, sample volume, and size. 


11.3.4 High-throughput screening 


In research-based industrial projects, such as genomics, proteomics, metabolomics, and 
especially in drug discovery, the need to carry out a large number of complex experiments 
poses a real challenge in terms of efficiency, data quality, and cost. For example, in 
primary drug screening alone, major pharmaceutical companies test-score their new 
biological targets against compound libraries of hundreds or thousands of compounds 
per year, generating millions of data points in search of new targets. Therefore, 
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high-throughput systems that perform large-scale experimentation and analysis while 
using minute amounts of reagents are in great demand. In spite of all the advantages of 
micro-scale instrumentation, an interface between chip and conventional liquid handling 
and analysis is often required to automate further the sample introduction/collection 
process for high-throughput applications and continuous monitoring of analytes. The so- 
called Sipper Chip Technology [124] addresses this issue by performing experiments in a 
serial, continuous-flow fashion at the rate of 5,000 to 10,000 experiments per channel per 
day. The system uses capillaries to draw nanoliters of reagents from micro-well plates into 
the channels of the chip, where they are mixed with the target molecules and a series of 
processing steps are carried out to determine whether the compound of interest binds the 
target. A range of assays, including fluorogenic kinase assays with electrophoretic 
separation of the reaction products from substrates, mobility shift assays, cellular assays 
with Ca?*-sensitive fluorescent indicators yielding 50-100 cells per data point, have been 
demonstrated, using various chip designs [125]. An example of a single-sipper 
microfluidic device for continuous-flow enzyme inhibition assays with direct sampling 
of the compounds from micro-titer plates is depicted in Fig. 11.8. 

Another possible solution to this problem has been implemented recently by Attiya 
et al. [28]. The device contained a large sample-introduction channel with a volume flow- 
resistance > 10° times lower than that in the analysis micro-channels. This approach 
enabled interfacing the large sample-introduction channel with an external pump (flow- 
rate up to 1 mL/min) for pressure-driven sample delivery without perturbing the solutions 
and electrokinetic manipulations within the rest of the micro-channel network. On-chip 
mixing, reaction, and separation of ovalbumin and anti-ovalbumin were demonstrated 
with good performance and reproducibility. Such a strategy for decoupling the 
electrokinetic flow in the micro-channels from the external environment extends the 
applicability of microchip analysis and provides a useful alternative to mechanical valve 
flow control. Shi et al. [27] introduced a pressurized capillary-array system for 
simultaneously loading 96 samples into 96-sample wells of a radial micro-channel- 
array electrophoresis micro-plate for high-throughput DNA sizing (Fig. 11.9) (cf Fig. 9.1). 
As a result, 96 samples were analyzed in less than 90 sec per micro-plate, demonstrating 
the power of microfabricated devices for large-scale and high-performance nucleic acid 
characterization. An interesting approach to parallel micro-scale separations has been 
developed by Ewing’s group [126], who used ultra-thin (57-m) slab-gel electrophoresis 
with its parallel processing capabilities in a combination with a capillary sample-delivery 
system. The technique allowed accurate and rapid automated injection (deposition) of 
multiple samples (PCR products, STR fragments, oligonucleotides, or amino acids) at the 
edge of an ultra-thin slab gel for subsequent separation and detection. This simple system 
eliminates cross-channels and additional buffer reservoirs, required for analyte injection in 
microchannel devices, and yields high analysis throughput, and requires minimal operator 
intervention. Recently, the same group demonstrated continuous parallel separations in an 
array of separation lanes (SO0—700 wm wide and 250—350 wm deep) fabricated in glass 
chips, using the same capillary sample-introduction method [127]. 

Membrane-mediated sample loading was introduced by Guttman and co-workers [128] 
in conjunction with micro-scale electrophoresis based on ultra-thin (= 190-m) gel slabs. 
Minute amounts of DNA samples (0.2 wL) were spotted manually or robotically onto the 
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Fig. 11.8. A microfluidic device for continuous-flow enzyme-inhibition assay. (a) Test compounds 
are injected via a fused-silica capillary, perpendicularly attached to the microchip. (b) Schematic 
layout of the microfluidic channel structure of the chip. (Reprinted from Ref. 125 with permission.) 


surface of the tabs of a membrane loader, which was then placed into the cathode side of 
the micro-cassette, in intimate contact with the straight edge of the ultra-thin layer of 
agarose gel. Under the applied electric field strength, the sample DNA molecules migrated 
into the gel, forming finely defined, sharp bands. This procedure facilitated the 
introduction of a large number of samples (96 parallel analysis lanes) into microgels, 
eliminating the need for forming individual wells and enabling convenient sample loading 
on the bench-top, outside the separation platform. The membrane-mediated injection 
method is readily automated (robotic spotting) and can be applied to most high-throughput 
applications, such as automated DNA sequencing [129]. 

Researchers in the drug discovery field also need microfluidics to cope with 
the drastically growing scale of combinatorial chemistry libraries and screening 
processes [125]. The goal is the fabrication of a chemical microprocessor that combines 
the reactions and screening on a single microdevice. One of the latest prominent industrial 
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developments of the kind is a device which combines multiple reaction units on one chip 
[130]. These units are enclosed but connected to the outside by fluidic channels [131]. Two 
different reagents are fed into each reaction well, where the reaction takes place, followed 
by spectroscopic detection/identification. This biochip requires only nanoliters of reaction 
volumes and can be fabricated using materials appropriate for various chemical 
conditions. Three-dimensional microfluidic structures for complex integrated processing 
are currently being developed to serve in both chemical synthesis and genomic screening. 


11.4 SYSTEM INTEGRATION 


11.4.1 Multi-functional micro-devices for sample processing and analysis 


Downscaling of conventional analytical methods and instrumentation has been one of 
the central but not the only trend driving the development of the w-TAS (micro total 
analysis systems) concept. Research has therefore focused on exploring ways of building 
integrated devices that combine separations with pre- and post-processing steps. Among 
the latter are PCR-based DNA amplification, restriction digestion, other enzymatic assays, 
analyte pre-concentration, filtering, dialysis, and various post-derivatization and detection 
methods. Some of these complex devices, reported recently, have already been mentioned 
in Sec. 11.3. The ultimate integration of all of these steps into a single microchip has not 
been realized so far, although higher-level system integration and complex microdevices 
are rapidly emerging. Very recently, the first commercial products (Agilent and 
Shimadzu), for chip-based electrophoretic analysis of DNA, RNA, and proteins, have 
been introduced [132,133]. Another commercial product being developed intends to 
provide 96-channel microfluidic plastic LabCards [134] for high-throughput miniaturized 
biochemical assays, addressing the whole range of common laboratory procedures, such as 
mixing, incubation, metering, dilution, purification, capture, concentration, injection, 
separation, and detection. Other integrated microchips for clinical applications have been 
designed and prototyped [68,135,136]. A dual-function microchip [68] has integrated two 
key steps in the analytical procedure — cell isolation and PCR. White blood cells were 
isolated from whole blood on 3.5-1.m elements of weir-type filters, etched in silicon-glass 
chips, followed by direct PCR amplification of isolated genomic DNA. Modification of 
filter size and shape and/or specific capture agents can be used to increase the selectivity of 
the devices. 

A simple, elegant method of thermocapillary pumping, based on surface tension changes 
under localized heating, was incorporated into a microchip structure for guiding nanoliter 
solution droplets in a controllable manner through the channels, mixing and incubating 
them to perform enzymatic reactions [135,136]. This integrated system also incorporates 
thermocycling chambers, microfabricated gel electrophoresis channels, and a set of 


(hydroxymethyl) methylamino]-1-propanesulfate}—-TAPS {3-tris[(hydroxymethyl)methylamino]- 
1-propanesulfate}-EDTA (ethylenediaminetetraacetic acid) buffer (pH 8.4) as a sieving matrix; 
DNA concentration, 1 ng/L; intercalating dye TOTO/DNA ratio 1:25. The numbers at the top 
indicate fragment sizes in base pairs. (Reprinted from Ref. 27 with permission.) 
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doped-diffusion diode elements, fabricated in silica, for the detection of B-radiation eae 
labeled DNA). The thermocapillary pumping idea was recently also developed by Troian 
et al. [137], who proposed configurable thermofluidic arrays to pattern flow at the 
microscale level. The development of this approach will enable “pixelating” the chip 
surface for precise temperature control, pixel by pixel, and, consequently, surface tension 
and viscosity of the liquid droplets. By this means, it is possible to move, mix, or otherwise 
manipulate small volumes. Another integrated device, developed recently in Burns’ group 
[138], employed photo-definable polyacrylamide gels as a sieving medium for DNA 
electrophoresis with a locally controlled gel interface and electrode-defined sample 
compaction and injection technique (Fig. 11.10). The latter approach was based on 
integrated microfabricated electrodes and helped achieve sample compaction without 
migration into the gel, enabling control over the size and application of the sample plug. 


DNA solution 


Compacted DNA 


Separated fragments 


Fig. 11.10. Electrode arrangements in a microfabricated sample injection and separation system. 
Fifty-jzm thin electrodes (E1, E2) are used for sample compaction and separation. A thick electrode 
(E4) is introduced to allow the use of higher voltages during the sample release, and separation 
phase. (a), (b) Schematic drawings of the operation of electrode-defined sample compaction, release 
and subsequent separation for the electrode system. (Reprinted from Ref. 138 with permission.) 


An interesting alternative approach to combining informatics, bioassays, and 
miniaturization is a “laboratory on a disc”, which recently has been implemented [139]. 
The so-called LabCD is a consumable compact disc with micro-scale fluid paths, reaction 
chambers, and valves. Fluid is moved along these pathways by capillary action and 
centrifugal forces, generated by the rotation of the disk, enabling it to perform various 
assay types. Digital information (software) is encoded on the other side on the same disc, 
automatically controls the disc motion and operation, and allows recording and analyzing 
of bioassay data from the microfluidic layer. Microfluidic processes, such as liquid 
transport, valving, mixing, and incubation are accomplished by geometrically designing 
chambers and interconnecting channels and programming the sequence of disc rotation. 
Integrated DNA amplification of blood and bacteria samples was performed by mixing 
individual components in the PCR chamber and then thermocycling [140]. LabCDs are 
intended to operate with “large” sub-wL to sub-mL volumes of solutions or biological 
liquids, and this would make them excellent practical diagnostic devices for point-of-care 
applications. 

More recently, a flexible elastomer chip has been introduced, fabricated by multi-layer 
soft lithography [141] and incorporation of arrays of micro-scale valves and pumps for 
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precise mechanical pumping and switching of minute quantities of fluids. This technology 
is based on the studies of Quake and co-workers [142], who also developed interesting 
miniaturized devices for cellular and particle manipulation, such as a fluorescence- 
activated flow cytometer. This represents the first demonstration of cell sorting in 
microfabricated fluidic channels, based on their fluorescent properties. These disposable 
sorters were made of flexible elastomers, using soft lithography techniques. The cells or 
beads of different colors were spatially confined in the narrow (3-m) T-shaped junction 
of the manifold, eliminating the need for hydrodynamic focusing, which is used in 
conventional flow cytometers. The cells were passing through the detection point (probing 
laser beam), one by one, and sorted by simply redirecting the electrokinetic flow into one 
of the two output channels. Similar microfabricated silicone structures have been used by 
the same research group for sizing and sorting single DNA molecules in the 2—200 kbp 
range [143]. Such devices directly measured DNA length, based on fluorescence, and 
allowed absolute molecule length measurements without the need for a sizing standard. 
The resolution of single-molecule DNA sizing devices, unlike that in conventional gel 
electrophoresis, increases as DNA molecules become longer, due to the improved signal- 
to-noise ratio. In addition, the method does not depend on analyte mobility, it is much 
faster than pulse-field gel electrophoresis, and it requires but a millionth of the amount of 
sample. Combining multi-layer soft lithography technology and the unique properties of 
elastomer materials, mechanical valves and pumps can be microfabricated, resulting in 
precise fluid control over a wide range of conditions [144]. These valves are pneumatically 
actuated, very fast (msec response levels), and compact (as small as 20 X 20 pm). 
Peristaltic pumps are implemented by arranging three consecutive valves in a row. These 
valves and pumps have negligible dead-volume, can transport fluids up to a few nL/sec, 
and overall, represent an approach to microfluidics combined with electrokinetics. The 
technology is currently being commercially developed and is expected to find application 
in a variety of life sciences areas, including high-throughput screening and drug discovery. 

A complex PMMA-based fluidic device, built by Soper’s research group [16], coupled 
capillary nano-reactors to micro-separation platforms (electrophoresis chips) for the 
generation of sequencing ladders and PCR products. The nano-reactors consisted of fused- 
silica capillary tubes with a few tens of nL reaction volume, which can be interfaced with 
the chips via connectors, micro-machined in PMMA, by using deep X-ray etching. ADNA 
template was immobilized on the nano-reactor walls via a biotin/streptavidin linkage. 
Following fast thermocycling in a special chamber oven, the DNA fragments were directly 
(electrokinetically) injected into the microchip device for fractionation. A dual fiber-optic 
component was micro-machined into the plastic chip for integrated laser-induced 
fluorescence detection, and consisted of two channels, accommodating laser delivery and 
emission collection fibers. These results look promising for the fabrication of automated 
devices which consume minute amounts of costly reagents. 

A recent series of publications by Locascio and others [92,93,145] had demonstrated 
successful applications of PDMS, PMMA, copolyester, and their combinations for 
assembling integrated fluidic structures that perform affinity dialysis and concentration for 
fast and sensitive ESI-MS analysis of various compounds. Multi-layer devices were 
assembled from separate plastic pieces, imprinted with micro-channels by silicon template 
imprinting and capillary molding techniques. 3-D fluidic devices were constructed by 
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sandwiching a polyvinylidene fluoride membrane between the substrate layers with 
appropriate channels and simply clamping the assembly together, taking advantage of the 
good adhesive properties of the polymeric materials. Access holes were drilled in the 
plastic to interconnect fluidic layers and interface them with external inlet/outlet lines. 
These devices performed affinity capture, concentration, and direct identification of 
a targeted compound by ESI-MS (coupled to the chip through the capillary and 
micro-dialysis junction), as well as miniaturized ultrafiltration of affinity complexes of 
antibodies [92]. The analyte solutions were pumped through the channel counter-currently 
to the buffer flow in the adjacent channel (via the semi-permeable membrane). By this 
means, it was possible to perform dialysis and separation of aflatoxin affinity complexes 
with their antibodies from unbound compounds, followed by passing the solution of 
affinity complexes against an air counter-flow into another fluidic layer for water 
evaporation and analyte concentration (Fig. 11.11). Another, similar device performed 
ultrafiltration of affinity complexes of a phenobarbital antibody and barbiturates, including 
sequential loading, washing, and dissociation steps. These microfluidic devices 
significantly reduced dead-volume and sample consumption, and increased MS 
detection sensitivity by 1-2 orders of magnitude. An integrated platform, based on 
similar PDMS/membrane assemblies, was presented [93] for rapid and sensitive protein 
identification by on-line digestion and consequent analysis by ESI-MS or transient 
capillary isotachophoresis/capillary zone electrophoresis with MS detection. A miniatur- 
ized membrane reactor was fabricated, using a porous membrane with adsorbed trypsin 
separating two adjacent channels. Due to the large surface-to-volume ratio of the porous 
membrane structure, extremely high catalytic turnover was achieved. It is worthwhile to 
mention the most recent publication of the same group [146], where a microfluidic chip 
has been adopted for a sandwich hybridization assay to detect pathogenic bacteria. A 
PDMS channel was sealed to gold-coated glass, which was used for immobilization of 
thiolated capture probes and self-assembling layers of blocking liposomes. The reporter 
probes were tagged with carboxyfluorescein-filled liposomes, enabling detection of very 
low concentration of targets. The small dimension of the channel and constant flow made it 
possible to reduce the amounts of reagents and accelerated the assay by eliminating the 
diffusion limitations. 


11.4.2 Integration of monolithic stationary phases 


A number of research groups, working in the rapidly growing area of monolithic 
columns for capillary electrochromatography (CEC), have adopted and developed these 
approaches for microfabricated devices [147-154]. Such monolithic stationary phases 
offer interesting possibilities in microanalysis, since they provide a simple way to create 
spatially definable cast-to-shape, UV-cured polymer packings within micro-channels. 
Conventional open-channel geometric configurations in microfluidic chips feature 
relatively small surface-to-volume ratios, limiting certain applications, such as 
chromatographic separations, heterogeneous catalysis, and solid-phase extraction, which 
are based on interaction with a solid surface. The developed photo-polymerization 
techniques enable rather elegant preparation of polymer structures, precisely positioned in 
the micro-channels, with good control over porosity and introduction of specific chemical 
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Fig. 11.11. (a) Assembly of a complete miniaturized affinity ultrafiltration system, containing 
preformed PDMS micro-channels. The co-polyester pieces provide structural support to the soft 
PDMS substrates. (b) Schematic side view of the miniaturized affinity dialysis and concentration 
system. I-III indicate top, middle, and bottom imprinted co-polyester pieces, respectively. Piece II is 
imprinted on both sides. Two poly(vinylidene fluoride) (PVDF) membranes separate the co- 
polyester channels. (Reprinted from Ref. 92 with permission.) 


properties. Separations of polycyclic aromatic hydrocarbons [151], other small molecules 
[152], as well as peptides and amino acids [154] have been performed in micro-channels, 
containing acrylate-based porous polymer monoliths. In addition, de-polymerization 
methods are being developed, based on short-wave UV light and thermal incineration 
[151,154], to enable removal of polymer phases either in the detection zone or the entire 
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channel for re-use of microchips. Svec’s group reported an enzymatic on-chip reactor, 
consisting of trypsin, immobilized on macroporous polymer monoliths, molded in 
microfluidic channels [148], as well as an on-chip solid-phase extractor and pre- 
concentrator [149], using photo-co-polymerization of acrylate monomers in the presence 
of porogenic compounds. These examples are promising and broaden the applicability of 
microfluidics-based analysis. 


11.4.3 Micro-reactors 


Miniaturization has significant advantages with respect to cost, safety, throughput, 
kinetics, and scale-up. Micro-reactors are in great demand in biochemical processing and 
in the pharmaceutical industry for accelerating and increasing the efficiency of pre-clinical 
drug discovery, chemical development and manufacturing, and mass screening. Typically, 
chemical synthesis devices handling sub-microliter volumes are considered to be 
micro-reactors, and they require integration of specially designed components, such as 
micro-mixers, micro-pumps and -valves, micro-reaction chambers, miniaturized heat 
exchangers, micro-extractors, and micro-separators, depending on the applications. 
Informative overviews of the most recent progress in this area can be found in a number of 
publications [9,155,156]. In this chapter, we will restrict ourselves to a brief outline and 
some interesting developments, based on microfluidic analytical devices. One of the most 
important features of a micro-reactor is its remarkably large surface-to-volume ratio. Thus, 
extremely rapid and highly exothermic reactions can be carried out under isothermal 
conditions, and higher selectivity and more precise kinetic information, compared to 
conventional-scale methods, are available, owing to very low mass transfer distances [9]. 
Micro-reactors enable on-site production at the point of demand. Micro-reactors can be 
gas- or liquid-phase. The fundamental design and operation problem of the latter is 
adequate mixing and fluidic control. To overcome laminar-flow limitations and increase 
diffusive mixing, different configurations have been constructed [9,155]. Pumping of the 
fluids within the chips has been achieved by a variety of means including pressure, electro- 
osmotic, electrophoretic, and electrohydrodynamic flows, and their combinations. 

Orchid Biocomputer has developed a microfabricated valve within a multilayer device 
that enables precise fluid distribution to 24 independent reactors simultaneously by means 
of pressure pumping [156]. A capillary hole prevents the fluid from passing into the reaction 
well or adjacent wells. The capillary valve opens when pressure is applied, letting fluid into 
the reaction well, thus enabling precise control of liquid delivery to several reactors. 
Application of electro-osmotic flow has certain advantages over pressure-driven flow, 
namely, a flat flow profile, experimental simplicity, absence of moving parts and valves, 
minimal back-pressure effects, increased separation efficiency increase and the ability to 
control multiple channels with just a few electrodes. Other reported methods of fluid control 
have been electrohydrodynamic pumping, creating gradients in surface pressure with small 
voltages and surfactant molecules with redox groups, use of hydrophobic/hydrophilic 
barriers on the surface [156], and thermocapillary pumping [135-137]. Chemical synthesis 
in micro-reactors can be conducted in both continuous-flow and batch modes, the first being 
typically utilized for synthesis of one product and the latter for parallel processing. 
Illustrative examples can be found in the literature [9,155,156]. 
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Electrophoretic microfluidic chips feature a number of micro-reactor characteristics 
and have been used for conducting chemical reactions in the channels and microfabricated 
chambers, mixing reagents, micro-extraction and micro-dialysis, post- and pre-separation 
derivatizations, etc. [26]. Ultra-fast micro-PCR, carried out in a micro-chamber or micro- 
channel, as well as in an open well, is another example of the micro-reactor approach, and 
such integrated microfabricated devices are described in Sec. 11.3.1. Other integrated 
micro-devices with micro-reactor features for cell sorting, enzymatic assays, protein 
digestion, affinity-based assays, etc., are mentioned throughout this chapter. A new, 
versatile architecture of microfluidic glass devices, consisting of three wafer layers bonded 
together, has recently been reported for flow-injection analysis of ammonia and for the 
Wittig synthesis [157]. This three-dimensional glass structure has greater chemical 
stability than silicon-based systems and provides more design freedom. 

A filter-chamber array, microfabricated in silicon and sealed with glass, enabled real- 
time parallel analysis of three different samples on beads in a volume of 3 nL ona 1-cm* 
chip [158]. Each filter chamber contained microfabricated pillars to trap and localize 
reacting particles. Single-nucleotide polymorphism (SNP) analysis by solid-phase pyro- 
sequencing has been performed in this chamber, using biotinylated primers, attached to the 
streptavidin-coated beads. Allele-specific pyro-sequencing is based on the difference in 
DNA polymerase extension reaction between match and mismatch primers, hybridized to 
the target DNA. The nucleotide incorporation results in the release of pyrophosphate, 
which is enzymatically converted to ATP, and detectable by luciferase-generated light. 
Passive fluidic valves, consisting of hydrophobic patches of plasma-deposited octafluor- 
ocyclobutane, were incorporated in the device and served as physical barriers between 
liquids, to allow controllable sequential loading of different samples without mutual 
interference. The device is re-usable, enables parallel sample handling, and is adaptable to 
the implementation of complex biochemical assays on beads (Fig. 11.12). 

Microfluidic manipulations at the level of a single cell can be considered as a further 
development of the micro-reactor approach and offer new and exciting possibilities in 
biotechnology and analysis. Single cells represent an extremely complex natural micro- 
reactor, and studies at this level help investigate important processes in vivo. A number of 
studies have focused on using optical forces for the manipulation of small objects (cells, 
bacteria, beads, micro-droplets, etc.) in liquids. This technique, known as optical tweezers 
or laser trap, makes it possible to select, capture, and guide single cells or microorganisms. 
A new micro-system, presented by Reichle et al. [159], is based on the combination of 
optical and chip-based di-electrophoretic trapping of cells and beads with micrometer 
precision. Another microfluidic system [160] has been designed for high-speed separation/ 
isolation of a single living cell or microorganism in the presence of a large number of other 
cells in the solution. This was achieved by integrating laser trapping and di-electrophoretic 
forces. The flow-velocity within the micro-channel was adjusted to balance the optical 
force on the cell. A target entrapped in the laser focal point can be transported through the 
micro-channel system and isolated. A micro-reactor system, based on precise optical 
manipulation of water droplets in oil emulsions, has also been described [161]. Extremely 
small quantities of samples (down to the single DNA molecule level) can be brought into 
contact by the fusion of two microdroplets induced by the optical pressure of the laser 
beam (Fig. 11.13). 
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Fig. 11.12. (a) Schematic drawing of a micro-machined, single-filter chamber device. (b) Conceptual 
drawing of the filter-chamber array. The two key elements, the filter chamber and the passive valve, 
are magnified. (Reprinted from Ref. 158 with permission.) 


Scientists at Géteborg University have described a microfluidic device for 
combinatorial electrofusion of liposomes and cells [162]. Optical trapping was used to 
transport individual liposomes and cells through micro-channels into the fusion container, 
where selected liposomes were fused by means of microelectrodes. This device can also 
facilitate single cell/cell electrofusions (hybridoma production). Exploitation of these 
micro-scale tools, based on micro-reactor chips, will eventually reap great rewards and 
provide new opportunities in drug discovery and development, biotechnology, as well as 
fundamental studies. 


11.4.4 Micro-preparative methods 


Preparation of minute samples is quite challenging, due to such problems as sample loss 
by adsorption and evaporation, the statistical significance of fluctuations at low 
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concentrations, obtaining a representative sample from nonhomogeneous specimen, and 
detection sensitivity. Progress in the development of on-chip sample preparation has been 
substantial, and there are already devices that can sort and isolate cells, e.g., white cells from 
whole blood, and isolate specific DNA sequences [163]. Integration of sample preparation 
with other analytical procedures, such as PCR, has also been described. Micro-filtration 
systems with different micro-filter designs for preparative blood cell separation and 
manipulations were fabricated in silicon by wet and reactive ion etching [164,165]. These 
structures contain channels and microfabricated filter elements and are capped with glass. 
Samples are introduced by mechanical pumping. Microchips with an integrated filter for 
specific cell capture and PCR chambers have also been designed for effective isolation and 
direct analysis of genomic DNA targets [166]. Microfabricated arrays of posts in silicon 
chips have been used to separate preparatively nucleic acid sequences from complex 
biological specimens, based on differences in charge, size, and sequence [163]. Such 
complexity reduction captured specific sequences using an electrophoretically driven 
hybridization process, and provided a rapid enrichment method, potentially quantitative and 
suitable for integration with other processing and analysis steps. 

While electric-field-mediated separations in micro-channel and capillary dimensions 
are primarily considered to be analytical tools, they can also be used in micro-preparative 
applications. The feasibility of capillary-based micro-preparation and fraction collection 
following electrophoretic separation was demonstrated for DNA fragments, peptides, 
proteins, and oligosaccharides, and automated multi-capillary systems have been 
developed, capable of collecting hundreds of samples. Precise timing is essential for 
efficient fraction collection to avoid cross-contamination of closely migrating peaks. 
Microfabricated fluidic devices allow electrokinetic manipulation of analyte zones 
during separation, as selected zones can be redirected from a separation channel to a 
side-channel for collection or other assays [167-169]. Microchip electrophoresis can be 
adapted for rapid and high-resolution fraction collection by using a simple monolithic 
cross-channel device [167]. DNA fragments of various sizes were separated and 
collected by simply redirecting the desired portions of the detected sample zones to 
corresponding collection wells by appropriate voltage manipulations. The efficiency of 
sampling and collection of the fraction of interest was enhanced by placing a cross- 
channel configuration at or immediately after the detection point. Upon detection of the 
band of interest, the potentials were switched to the collection mode in such a way that 
the selected sample zone migrated to the collection well and the rest of the analyte 
components in the separation channel were stopped or slightly reversed, thus increasing 
the spacing between the zone being collected and the one immediately following it. The 
separation/collection cycle was repeated until all required fractions were physically 
collected. The amounts of collected DNA fractions were sufficient for further processing, 
e.g., for conventional PCR-based analysis [167]. An integrated fraction collection 
system, based on a micro-machined microfluidic cross-connector module coupled to 
fused-silica capillaries, has also been described by the same authors [183] (Fig. 11.13). A 
microfluidic cross-connector was micro-machined in an acrylic substrate by drilling 
precisely centered, flat end- and through-channels, producing capillary connections with 
essentially zero dead-volume joints. The assembly featured integration of microfluidic 
functionality, facilitating precise and fast electrokinetic manipulations for fraction 
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collection, and long separation pathways, while minimizing necessary fluidic reservoirs 
and electrical connections. Interfacing the system with sample and collection micro-titer 
plates by robotic positioning is straightforward and will provide an automated large-scale 
micro-preparative fractionation method. 


11.5 MODELING BY COMPUTATIONAL FLUID DYNAMICS 


Modeling and simulation by computational fluid dynamics (CFD) can provide valuable 
insight into a plethora of liquid-phase processes, such as mixing, fluid transport, and 
separation [170]. Computer simulation is primarily considered to be a design tool, but it is 
also used to support the interpretation of experimental data. A general, steady-state, finite 
element approach to simulate two- and three-dimensional fluid flows, thermal fields, and 
chemical concentrations in microfabricated devices is based on the Galerkin finite element 
method [171]. The model system consisted of two coupled domains, the flow channel and 
the surrounding solid material exchanging heat with the flow channel. This simulation 
method facilitated the exploration of various micro-device designs and demonstrates the 
value of computer simulation in the development of membrane-mediated systems [172]. 
The macroscopic description of electrokinetic transport in microfabricated channel 
networks is based on the principles of multi-component continuous media mechanics, 
coupled with equations describing the electric field [173]. If the frequently quoted “lab-on- 
a-chip” approach is to solve ever more complicated chemical problems, it will have to 
incorporate correspondingly sophisticated fluidic designs and complex electrokinetic 
control methods. In addition to solely relying on experimentation to develop microfluidic 
structures, computer-aided design and analysis are being enlisted more and more in the 
prototyping and refining of fluidic arrangements. A significant reduction is expected in 
both time and expense when such tools are implemented. The principal transport 
mechanisms and developed theory of electric-field-mediated migration (electrophoresis 
and electro-osmosis) and diffusion phenomena should be utilized in the design and 
optimization of microfabricated devices. 


Fig. 11.13. High-precision micro-preparative separation system. (a) Micro-machined acrylic cross- 
connector, coupled with 4 fused-silica capillaries. (b) Schematic drawings and corresponding images 
of electrokinetic sample manipulations during separation (left panel) and collection (right panel) 
modes with the plastic cross-connector/capillary assembly. Arrows indicate direction and relative 
migration velocities of buffer/sample flow (not to scale). For imaging, the channels and Reservoirs 2, 
3, and 4 were filled with 0.5 x TBE buffer (45 mM Tris, 45 mM boric acid, 1 mM EDTA), 
containing 0.2% poly(vinylpirrolidone). Reservoir 1 contained 50 wM sodium fluorescein dye in 
TBE buffer. (c) Collection of multiple fractions with cross-connector/capillary assembly. Separation 
and collection distances were 5 cm. Electrophoretic patterns of PCR product mixture (1). Detection 
of the first (2), second (3), third (4), and fourth (5) peak, each followed by voltage reconfiguration to 
collection mode, during which larger DNA fractions were retained in the separation channel. For 
better visualization, patterns 3, 4, and 5 were offset along the x-axis by the values corresponding 
to the times of potential reconfiguration for the collection of the preceding bands. (Reprinted from 
Ref. 183 with permission.) 
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A comprehensive computer program, simulating the mass transport in any two- 
dimensional channel structure was developed by Ermakov et al. [174]. Their first 
approximations considered uniform electric conductivity, insignificant Joule heating, as 
well as, constant thermo-physical and surface properties. Computer simulation assisted in 
the examination of different aspects of operations and helped to reveal optimal operation 
parameters for various cross-channel-based injection methods (gated and pinched type) 
[175,176]. It was also demonstrated that such basic micro-device elements as the simple 
T-structure and channel-cross can readily accommodate sample mixing and electrokinetic 
focusing, respectively [177]. Effectiveness of cell separation from various mixtures was 
modeled prior to microfabrication by using the MATLAB software package [178]. 
Accurate flow and thermal predictions were also obtained by the lattice-Boltzman 
simulation method for microfabricated devices, even in case of complex geometric 
designs. Additional terms, such as surface forces, can be included to simulate discrete 
liquid/vapor- and liquid/liquid-phase interfaces, as well as surface adsorption properties 
[179]. Analyses of electrokinetic injection phenomena [180] and predictions of 
electrophoretic motion in microfabricated channels were obtained with a finite-element 
commercial simulator, FlumeCAD (Coventor, Inc.) [181]. This highly sophisticated 
software package enables the design of integrated chemical processes and/or analysis 
systems and also supports the three-dimensional simulation of chemical transport in 
electrophoretic, electro-osmotic, and pressure-mediated systems. 
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12.1 HIGH-PERFORMANCE LIQUID CHROMATOGRAPHY 


Space limitations make it necessary to cover only one group of instruments in 
detail, namely those for high-performance liquid chromatography (HPLC), but there 
will also be some links to equipment for other techniques. Current information can be 
found in the reviews that appear annually in Analytical Chemistry [1,2] and the yearly 
reviews of columns in LC/GC [3-5], American Laboratory News [6,7], and American 
Laboratory [8,9]. 

In 2002, HPLC was by far the largest segment of the analytical instrument business, with 
global sales of $2.5 billion out of a total of $21 billion dollars. The size of the market, and the 
ingenuity of the estimated 120,000 users has led to a proliferation of products. Experienced 
chromatographers are expected to know the idiosyncrasies of the instrumentation and 
columns. Clearly, to select those most suitable for the task at hand takes experience and 
competency. Of course, the scientific literature and, now, the internet (Chap. 24) are rich 
sources of information, and computer-aided optimization is also helpful [10,11] (Chap. 1). 
The earliest chromatographic separations were performed under gravity flow in open glass 
tubes, filled with some sorbent [12]. This is a simple technique, limited to rather coarse 
sorbent particles, because fine particles increase the resistance to flow. In contrast to gravity- 
flow liquid chromatography (LC), HPLC requires complex electromechanical systems, 
consisting of many sub-systems. This chapter will survey the presently available systems. 
Although the performance and design of most components has been relatively stable for two 
decades, there is reason to expect some design changes as a result of new demands for 
capillary and monolith columns. A typical HPLC system consists of a computer, which 
controls and coordinates the various sub-systems, solvent reservoirs, pumps, injector, 
column, detector, data station, printer, and fraction collector. This is the sequence in which 
they will be treated in this section. 

Table 12.1 provides a list of commercial sources of instruments and modules for HPLC. 
The HPLC business is more than twice as large as any other segment in analytical 
instrumentation. This has attracted a huge number of commercial firms over the years. 


TABLE 12.1 


VENDORS OF HPLC INSTRUMENTS (ABSTRACTED FROM LABORATORY EQUIPMENT 34, NO. 12 (1998) 106 AND VENDOR- 
SUPPLIED DOCUMENTS) [67] 


Company Name AB CDEFGHIJKLMNOP QRS TU V W X Y Z AA BB CC DD EE FF 


Alcott xX XxX 
Chromatography 

Alltech Associates  X x xX X x xX X xX X K X xX X X xX XX X 
Inc. 

Amicon Inc. xX X x x 

Analytical Scientific x x 
Instruments 

Beckman x x xX xX X 
Instruments 

Bioanalytical x Xx xX Xx x 
Systems 

Cecil Instruments x x xX X x 
Limited 

Chiral xX x 
Technologies Inc. 

Cohesive XX X 
Technologies, Inc. 

Dionex x x x xX X X x xX X X x x X 
Corporation 


(Continued on next page) 


UONDIUIUINASUT 


ILV 


TABLE 12.1 (continued) 


Company Name AB CDEFGHIJKLMNOPQRS TU W X Y Z AA BB CC DD EE FF 
D-Star Instruments X xX 
Eldex Laboratories, xX X xX 
Inc. 
EM Science 
ESA Inc. xX > x x 
Thermo Finningan x x 
Gilson, Inc. xX X > xX 
Groton Technology X x xX X xX 
Inc 
Hewlett Packard xX X xX xX x xX xX xX X x xX xX xX X x 
Company 
Isco, Inc. xX X > xX xX 
JASCO, Inc. xX X xX xX x xX x xX 
Lab Alliance xX xX xX xX xX X x 
Micro Tech xX x xX xX 
Scientific, Inc 
PDR, Inc x xX 
Perkin-Elmer Corp. X xX x x xX xX X x X xX X X xX X X 
Pickering x x 
Laboratories, Inc. 
Polymer x x x xX X 
Laboratories, Inc. 
Rheodyne L.P. xX xX 
Shimadzu Scientific xX X xX xX xX X X xX xX xX X xX X xX X xX xX X X 


Instruments 
Sievers Instruments 


CLV 


Zl 4aidvyD 


St. John Associates x 
Thermo Separation X Xx Xx xX X 
Products 
Unimicro x > 
Technologies 
Valco xX 
Instruments., Inc 
Varian Instruments X xX X xX 
Viscotek Corp. 
Waters XX xX 
Wyatt Technology X 
Corp. 


~x x 


xX X XK X xX X XK X X 


x x xX 
x 
~ 
* 
x 
x 
~ XX XK 


Columns: A, Analytical; B, Preparative; C, Process; D, HPLC/MS; E, Ion chromatography; F, Affinity chromatography; G, Chiral; H, Size-exclusion; 
I, Capillary. Detectors: J, Amperometric; K, Chemiluminescent; L, Conductivity; M, Diode-array; N, Electrochemical; O, Evaporative light- 
scattering; P, Fluorescence; Q, Laser light-scattering; R, Mass spectrometry; S, Radioactivity; T, Refractive-index; U, UV/VIS. Data Handling: V, 
Dedicated workstations; W, Software; X, Integrators; Y, Calibration standards; Z, Column heaters; AA, Fraction collectors; BB, Gradient controllers; 
CC, Post-column reactors; DD, Pumps; EE, Sample injectors; FF, Valves. 
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Many of the smaller ones try to enter with niche or specialty products. It is important to 
note that products are introduced and withdrawn from time to time and that there are also 
mergers. The internet is the best source of current addresses. 


12.1.1 Control and co-ordination 


The HPLC revolution occurred simultaneously with the microprocessor revolution in 
electronics. The first instruments (before ca. 1975) had no resident software. Operating 
parameters were entered with dials, thumb wheels, or even mechanically. Today, almost 
every sub-system in the chromatograph has a software component. Some fault-detection 
software will even check for the correct selection and operation of the mixer and column. 
System software comes at a high price: About 60% of the product development cost of 
HPLC instrumentation is attributed to software. Changes in computer operating systems 
continually drive revision of the control and evaluation software. Updates last for only a 
few years. Thus, one should expect to budget for a new version every three to five years. 

The first level of control is the front of the instrument. Some instruments and modules 
will have a limited set of controls that can be used to start and stop, or perhaps select 
detector range or wavelength. Modern design is moving away from putting anything but 
the basics on the front panel. Some modules have only a power switch. The sophisticated 
or less frequently accessed controls are usually implemented in software. This software is 
accessed with key pads (usually with difficulty) or via a personal computer (PC) with a 
keyboard and mouse. The computer, usually a PC operating in a Windows environment, 
can set the parameters of each module from a method file, downloaded from the computer. 
The run can be initiated upon completion of the prior run and completion of a limited 
operational qualification (OQ) sub-routine. The OQ subroutine can check for the presence 
of a vial in the autosampler, sufficient solvent, column temperature within set tolerance, or 
even download the expected results for the next run. The latter sub-routine is used in some 
purification procedures, where only compounds with the expected mass will be collected. 
Fractions containing products not meeting the chosen criteria are sent to waste. Individual 
modules will also be controllable from a touch-panel interface. The overall status is often 
displayed on the modules as well as the monitor. Behind the operating panel, fault- 
detection sub-routines, coupled with light-emitting diode displays will aid the service 
technician in locating a malfunctioning circuit board or, occasionally, a component. 

When under control of the computer, each module provides an electronic “hand shake” 
with the system-control software. When unusual events are detected, such as a loss of 
pressure or erratic temperature, the software will note the event, and may try to rectify it. 
In all cases, it will be capable of sending an audible or electronic signal to notify the 
operator that attention is required. The software command and communication protocols 
are also important. Recognizing this, a working committee of the Analytical Instrument 
Association (AIA) [13] developed the analytical-data interchange protocols (ANDI 
Protocols) to increase laboratory efficiency and productivity by setting standards for the 
integration and use of data from multiple vendors’ instruments. In the early 1990s the AIA 
released ANDI Protocols for chromatographic data and for mass spectral data. The ANDI 
Protocols provide a standardized format for the creation of raw data files or results files. 
This standard format has the extension “.cdf’ (derived from Net CDF), regardless of 
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whether the files originate from chromatographic or mass spectral data. Most vendors of 
HPLC and LC/MS have adopted these protocols, but some are proprietary. This may limit 
the selection of hardware components. Many instruments are designed for remote 
operation, enabling service personnel to examine it from a service center. Key pads are 
less expensive but less versatile than a computer. On the other hand, the latter can also be 
used for data processing and report generation. 


12.1.2 Pumps 


Pumps are used to force the mobile phase through the column. A uniform flow-rate is 
essential for analytical HPLC, and metering pumps deliver mobile phase at a carefully 
controlled rate [14]. They usually allow the user to key in the flow-rate. This is so 
convenient that they are almost universally adopted, although pump designs that require 
calibration can be purchased for 10% of the price. 


12.1.2.1 Pressure 


In the early days, when HPLC was the abbreviation for high-pressure liquid 
chromatography, chromatographs were designed to operate at a pressure of 6000 psi 
(400 bar) and occasionally as high as 10,000 psi (650 bar). Use of higher pressure was too 
expensive, and the columns were unable to handle much more than a few thousand psi. 
The second- and third-generation chromatographs had a maximum pressure of ca. 5000 to 
6000 psi; most were operated at no more than 2000 psi (130 bar). More recently, pressures 
as high as 100,000 psi (ca. 7000 bar) have been explored. They allow the use of longer 
columns with particles less than 1.5 wm in diameter. Of course, longer columns provide 
greater resolution and higher peak count (Chap. 2). A pressure of 6000 psi is probably 
sufficient for nearly all analytical work. One can anticipate that new instruments may enter 
into a psi race, probably up to 25,000 psi (1500 bar), but this will probably entail a much 
higher price. For preparative pumps, the flow-rate range is directly proportional to the 
square of column diameter. Since preparative columns are packed with larger particles, the 
pressure requirement is much less. Many preparative chromatography pumps are designed 
for operation at a maximum pressure of 1000 psi, and routine operation is seldom above 
500 psi. 

Most malfunctions in the fluid part of the chromatograph will show up as a change in 
the nominal pressure. The pressure of the system is usually measured in the pump or just 
after the pump, in case there is a pressure gauge. Gauges, however, are seldom used today, 
because of their dead-volume and difficulties in integration into a digital system controller. 
Electronic pressure monitors utilize strain gauges, which change in resistance with 
pressure. Micro-electronics has reduced their size to just a few square mm. The signal is 
amplified, digitized, and sent to the overall system controller. It may also be sent to the 
pump controller for compressibility correction. Shimadzu and Dionex have incorporated a 
pressure transducer into the end of the piston chamber. This enables a direct comparison of 
the pressure on both sides of the check valve. Thus, the pressure in the piston can be 
rapidly increased until it is equal to the pressure at the head of the column, and then it 
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switches over to metered delivery. In addition to providing overall status indication, 
electronic pressure monitors can be invaluable in fault detection. For example, a leak or an 
empty solvent reservoir can be detected by a loss in pressure. This event can be 
programmed to shut down the instrument and send an alarm to a designated station. 
Pressure above a user-selected threshold indicates a blockage of the flow-path, due to, e.g., 
an accumulation of contaminants at the top of the column. Thus, the maximum and 
minimum pressure are usually set as part of the operational qualifications. 


12.1.2.2 Flow-rate 


Flow-rate reproducibility is the most important specification of a metering pump, since 
it governs the run-to-run reproducibility upon which chromatographic identification is 
mainly based. Typical values are +/—0.1%, but actual performance is usually much 
better. Irreproducible performance is usually attributed to leaks in check valves or piston 
seals. However, there can be other causes, such as uncontrolled temperature or cavitation, 
caused by dissolved gas in the mobile phase. Cavitation can be eliminated with degasser 
modules or helium sparging. Since helium has a very low solubility in most solvents, a 
gentle stream of helium, bubbled through the mobile phase, can drive off other gases with 
greater solubility. Accuracy of the flow-rate is a much less important specification in 
practice. It is mainly needed to reproduce methods or to transfer methods from one 
instrument to another. The accuracy is easily checked by collecting the eluent. 
Troubleshooting of pump performance has been reviewed repeatedly [15-18]. 

Metering pumps are designed for particular ranges of flow-rate, with a useful operating 
range of ca. 1000. While specifications indicate a very wide range, the best performance is 
obtained at a specific flow-rate (design point) (Table 12.2). Gilson and several other 


TABLE 12.2 


FLOW-RATES OF METERING PUMPS 


Purpose Flow-rate range Design point Best pump design 
Preparative 1 to 1000 mL/min 100 mL/min Dual-piston Metering 
Analytical 10 wL to 10 mL/min 1 mL/min Dual-piston Metering 
Capillary 100 nL to 1 mL/min 20 L/min Syringe 


manufacturers produce designs where the same motor drive can activate piston assemblies 
of different diameter. This allows the user to change from a capillary to a preparative range 
by switching pump heads. In capillary chromatography, the flow-rate range is so small, 
that one can use an analytical pumping system with a splitter to divert a small fraction of 
the flow to the capillary column. Splitters divide the flow between two paths by adjusting 
the resistance to flow in the high-flow path to provide the desired flow in the low-flow path 
[19]. Split flow works well, but it may be difficult to keep the flow-rate constant and 
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reproducible from run to run. A small change in the resistance at the capillary side can 
occur, due to temperature-induced changes in viscosity or partial plugging of the column 
with particles. Agilent has developed an electronic flow controller than uses heated pulses 
to measure flow in the capillary leg. It automatically adjusts the pressure on the capillary 
leg to compensate for any change in flow resistance. Until electronic flow control was 
introduced, syringe pumps were preferred for capillary chromatography, since they are 
compatible with the low flow-rates that capillaries require and do not waste solvents in 
gradient elution. 

As water is much less compressible than organic solvents, pumps for HPLC usually 
have compressibility compensation circuits built into the motor drive to compensate for 
this. For example, during the compression stroke of a metering pump, no liquid passes 
from the check valve into the column until the pressure in the piston chamber exceeds the 
opening pressure of the check valve. Without correction, organic solvents would not be 
metered at the set flow-rate, making it difficult to correlate the solvent composition 
blended by the pumps with that obtained with a pre-mixed solvent of the same nominal 
composition. Pumping water in a pump that was optimized for organic solvents, the motor 
pushes the piston too fast during the compression stroke, adding extra water to the flow- 
stream. The extra pressure can also show up as a small pressure pulse, seen in the baseline 
of flow-sensitive detectors. This flow-induced noise can degrade detection limits. There 
are several engineering solutions to this problem. For instance, pressure transducers in the 
piston chambers can be used to control the motor during the refill, compression, and 
delivery segments of the pumping cycle. During the compression segment, the pump 
motor runs quickly to compress the solvent in the working cylinder and then, as it 
approaches the working pressure, it decelerates to the delivery rate. This produces a very 
uniform flow-rate, even when the back-pressure of the system changes. Today, all but the 
lowest-cost HPLC pumping systems have effective compressibility compensation. 

Syringe pumps also can suffer from a problem related to solvent compression. During 
gradient elution, the differential compressibility of water and most organic solvents can 
produce inaccurate or even unstable flow-rates, if the piston volume is large. For example, 
when one syringe is filled with methanol and another filled with water, the gradient will 
produce a two-fold increase in back-pressure at about 50% methanol. Then, while 
pumping 70—100% methanol, the viscosity will decrease to about one-third of that of 
water. If the volume in the methanol piston is large, the lower viscosity will allow more 
methanol to enter the mixer, since it is more compressible or, in this case, expandable. This 
produces an overshoot in the solvent composition and causes the peaks to move ahead 
[20]. Today, the problem is avoided by the use of small-volume pistons. These require 
frequent refilling, but this can be fast and built into the program. 


12.1.2.3 Pulse dampers and gradient elution 


Early reciprocating pumps for HPLC produced a pulsed flow during the refill and 
compression parts of the cycle. Since most detectors are flow-sensitive, the pulses show up 
on the baseline as a periodic noise. Pulse dampers have been designed to smooth out the 
flow and improve the detection limit. The major problem with pulse dampers is that 
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they add to the dead-volume of the system, and the actual volume changes with the 
back-pressure. As the column ages, the pulse damper expands and increases the system 
volume. This may cause a subtle change in the solvent gradient, adversely affecting the 
reproducibly of retention time, especially in chromatographs with a single pump, fitted 
with proportioning valves. Today, most pulse dampers are small and can be ignored. The 
flow-sensitivity of the detectors has been decreased by careful engineering, usually 
involving thermostating. The index of refraction of solvents and of quartz in detector cells 
varies slightly with temperature. Heat is transferred to and from the surroundings, and the 
transfer depends upon the flow-rate. Thus, before temperature control was introduced, the 
pulses in the flow also had a non-uniform temperature profile. Pulsations changed the focal 
point of the lamp, registering as flow-induced noise. This noise has been nearly eliminated 
by careful design of the flow-cell, including heat exchangers in the detector plumbing. 
Also, the electronics controlling the pump speed are much better now and even more 
effective in eliminating pulses. 

Over the years, many designs have been used for forming solvent gradients, including 
mixing dilution flasks and segmented reservoirs. Today, these are all but forgotten, having 
long been replaced by the multiple pump and the lower-priced pre-pump design (Chap. 2). 
Proportioning metering pumps utilize valves prior to the compression piston to control the 
feed during the suction part of the pump cycle. These valves can select up to four solvents. 
Usually, the amount of each mobile-phase component is calculated by the computer, based 
upon the piston displacement. The proportioning valves are very fast, with opening and 
closing times of a few milliseconds. This is adequate for columns larger than about 2 mm 
ID. For smaller-diameter columns, the delay volume is so large that the gradients are too 
long. Multi-pump gradient systems, where each pump is dedicated to one component of 
the mobile phase and delivers the solvent at the rate specified by the gradient controller, 
are best. 


12.1.3 Sample injection 


In the early days of HPLC, a variety of devices were designed for sample injection [21]. 
Many were difficult to operate manually, automated operation was an engineering 
nightmare, and some caused excessive band-broadening. Around 1985, multi-port 
injection valves were introduced by Rheodyne and Valco. They are most convenient and 
reliable, and the six-port valve is easy to automate. Today, injection valves account 
for over 90% of the injection devices, but most are incorporated into automated samplers. 
Fig. 12.1 shows two designs of six-port valves for sample injection. The front-loading 
valve (Rheodyne 7125) is used for manual injection with a syringe. The sample is loaded 
with a syringe into the port on the front of the valve, which is connected to the sample loop. 
Once the loop is partially loaded or completely filled, the crank is turned to place the loop 
in the flow-path. The six-port 7010 valve has a sample loop that is filled and then rotated 
into the sample stream in a similar manner. The major difference is the location of the fill 
port, the 7010 design being usually preferred in autosamplers. With both valves, it is 
essential to leave the valve in the flow-path long enough for the sample to be swept into the 
column. 
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Fig. 12.1. Schematic drawing of two six-port rotary injection valves for HPLC. Model 7010 is 
designed for automated loop filling, Model 7125 for manual injection from the front through the 
needle port. (Reproduced by courtesy of Rheodyne Corp.) 


The most critical figure of merit for an injector is band-broadening. In general, 
band-broadening due to the injector should be less than 5% of the band-broadening 
due to the column. Since the band-broadening is usually due to the sample volume 
itself, most users select sample loops that meet the 5% criteria. However, using a 
small sample volume does not assure narrow peaks. It is best to inject the sample in a 
solvent that is weaker than the eluent. This will cause the sample to be focused at the 
top of the column when the chromatographic process starts. The diameter along the 
flow-paths should be kept constant to minimize the ’fingering” effect, a finger-like 
distortion of peaks. Fingering can be a particular problem in capillary chromatog- 
raphy, because the sample size is very small and the surface-to-volume ratio is larger 
than in 4-mm-ID columns. Manual injection is rarely used today. Technically, manual 
injection is justified only when the sample is very limited, or the instrument is used 
infrequently. Sample loss can be minimized by careful manipulation of the syringe. In 
most cases, the added cost of an autosampler is justified by improved precision and 
the ability to track and process samples automatically. 

Autosamplers not only automate the sampling and injection process, but some will 
also process the samples by filtration and solid-phase extraction. Since most samples are 
best processed in 96- or 384-well plates, efficient automation has been developed around 
this format. Older designs used carousels, but this is bulky, and manual loading of the 
samples is an error-prone process. Autosamplers differ in the filling methods. Depending 
upon the application, there can be significant advantages to one mode or another. Gas 
displacement to fill the injection loop is a proven design that is suitable for applications 
where the amount of sample is not limited. It is necessary to flush sufficient sample 
through the loop to minimize carry-over and discrimination effects. The interval 
between injections also is long, due to the long wash-and-load cycles, but if the run 
times are longer than 3 min, this causes no problem. Some autosamplers sip the sample 
from a sample tube or well and transfer it directly to the injection valve. In some cases, 
the piston movement can be programmed to provide variable-volume injection. This 
type of autosampler is appropriate for small samples and fast cycle times. Some 
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samplers are capable of making two or more injections per minute. Autosamplers that 
incorporate sample preparation are very useful in improving the precision of the 
method, since about 80% of the experimental error in HPLC is due to steps prior to 
column chromatography. All injectors suffer from carry-over to some extent. The best 
way to evaluate carry-over is to inject a concentrated sample and follow this with a 
second injection of eluent blank. If necessary, longer or repeated wash cycles or 
interspersed blanks should be used, and this can be incorporated in the program. 


12.1.4 Transfer lines and plumbing 


Up to the injector, one can use tubing with an ID as large as 1 mm for analytical 
pumps and 2—4mm for preparative pumps. However, from the injector to the last 
detector, details of the plumbing need careful attention. The dead- or dwell-volume 
should be held to a minimum, and lines should be as narrow as possible without the 
risk of clogging. Stainless-steel tubing with internal diameters as small as 0.005 in. 
(0.12 mm) or even smaller is available, but it is rarely used for routine work with 
columns larger than 2 mm ID, since plugging occurs frequently. Most analytical work 
is done with tubing of 0.10 in. (0.25 mm) diameter. The volume per inch of 0.005-in.- 
ID tubing is only 0.32 wL. For 0.010-in. tubing, the volume is 1.29 wL per inch. Thus, 
a few inches of 0.010-in. tubing will not reduce the quality of a separation significantly. 
For capillary LC, fused-silica tubing, ranging from 530 wm ID to as narrow as 20 wm 
can be used. Although plugging often occurs, fused silica is inexpensive, and there is 
no practical alternative. Another, more subtle effect arises from changes in flow-path 
diameter. The profile of a liquid pumped through a line is parabolic, the center moving 
faster than the liquid at the wall, and there is more liquid at the wall than in the center. 
If one connects a larger-diameter capillary to a smaller one, the center of the larger one 
will enter the center of the smaller one first. There is a streamline of flow, where the 
liquid at the walls in the larger diameter is effectively separated and moves much more 
slowly. When the material along the wall diffuses into the center stream, tailing occurs, 
and this adds to the variance of the peak. It is therefore best to use transfer lines with a 
small and constant diameter. 


12.1.5 Columns 


A partial list of the more common brands of HPLC columns is presented in Table 12.3. 
These are selected from a list of more than 1000 items, which is growing at the rate of 
more than 50 entries per year. Each brand may include literally hundreds of combinations 
of particle size, column diameter and length. The newcomer to HPLC may feel 
overwhelmed, especially if the only reference in the literature is to one of the obscure band 
names. However, help is just a phone call away. The larger column vendors, such as 
Phenomenex, Waters, Thermo Keystone, Supelco, and Agilent, maintain applications 
laboratories staffed with technicians having considerable experience in recommending 
columns that offer performance similar to that of columns from other current or defunct 
vendors. Although there is an obvious commercial bias, one can usually buy a column that 
will be close enough without much trouble. The web pages of suppliers are also a good 
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PROPERTIES OF SELECTED HPLC COLUMNS 


Brand or column Vendor Core dp, Pore Surface Surface % Endcaped 
name Material pm diam A area m?/ g material Carbon 
(3S, 4R)-Pirkle 1-J Regis Silica 5 100 350 DBPL N/A N/A 
(R,)Alpha-Burke II Regis Silica 5 100 350 DDBA N/A N/A 
(R,R) ULMO Regis Silica 5 100 350 DDDD N/A N/A 
(R,R)Beta-Gem Regis Silica 5 100 350 DAPP N/A N/A 
(R,R)Whelk-O1 Regis Silica > 100 350 DTM N/A N/A 
(R,R)Whelk-O2 Regis Silica 5 100 350 DTT N/A N/A 
(S)Alpha-Burke II Regis Silica 5 100 350 DBAD N/A N/A 
(S,S) DACH-DNB Regis Silica 5 100 350 DDDX N/A N/A 
(S,S) ULMO Regis Silica 5 100 350 DDDD N/A N/A 
(S,S)Beta-Gem Regis Silica 5 100 350 DAPP N/A N/A 
Abzelute ODS-DB Varian Silica 80 220 C18 16 Yes 
Accubond C18, ChromRes Silica 120 C18 
Accusphere C18, Agilent Silica 120 170 C18 10 Yes 
(NLA) 
AcquaSil™ C18 Thermo Silica 3&5 100 310 C18 12 - 
Hypersil 
Keystone 
Adsorbosil C18 Alltech Silica 3&5 60 450 C18 15 Yes 
Adsorbosphere C18 Alltech Silica 3&5 80 200 C18 12 Yes 
Allsphere ODS-1 Alltech Silica 3&5 80 220 C18 7 Partial 
Allsphere ODS-2 Alltech Silica 3&5 80 220 C18 12 Yes 
Alltima C18 Alltech Silica 3&5 100 350 C18 16 Yes 


(Continued on next page) 


UONDIUIUINAISUT 


aw 
io) 
= 


TABLE 12.3 (continued) 


Brand or column Vendor Core dp, Pore Surface Surface % Endcaped 
name Material pm diam A area m*/g material Carbon 
Allure C18 Restek Silica 3,5,10 60 520 C18 27 Yes 
Allure PFPP Restek Silica 3,5,10 60 520 PP 17 Yes 
Alox RP Gyncothek Alumina 
AlphaBond C18 Alltech Silica 3&5 125 300 C18 10 Yes 
Alphasil C18 hplc Silica 3&5 100 C18 
Aminex HP-87 C BioRad Polymer 8 Cation Ex. 
Apex I C18 Jones Silica 3&5 100 170 C18 10 
Aquapore OD300 Perkin- Silica 5 300 C18 
Elmer 
Asahipak ODP-50 Showa Polymer 3&5 C18 17 
Denko 
ASTEC C18 ASTEC Silica 80 C18 12 Yes 
Bakerbond C18 JT Baker Silica 5 & 10 120 170 C18 12 Yes 
BetaBasic™ C18 Thermo Silica 3,5 & 10 150 200 C18 13 Yes 
Hypersil 
Keystone 
BETASIL® C18 Thermo Silica 3,5 & 10 100 310 C18 20 Yes 
Hypersil 
Keystone 
BioBasic® C18 Thermo Silica 3,5 & 10 300 100 C18 9 Yes 
Hypersil 
Keystone 
BioSil C18 A/B BioRad Silica 3&5 90 C18 
DB 
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Bondclone C18 
Bondesil C18 
Bondex C18 
Capcell PAK 

UG C18 
CarboPac 
Carbosorb ODS-2 
Chromegabond C18 
Chromolith RP18e 
Chromolith Si 
Chromosorb LC-7 
Chrompack 

Carboh. Ca 


ChromSpher B 


ChromSpher UOP 
C18 
CoraSil 


Cosmosil 
C18 


CP-EcoSpher 

PAH 
CP-Micorspher C18 
Cyclobond I 
D-Leucine 
D-Phenylglycine 


Phenomenex 
Analych/Varian 
Phenomenex 
Shiseido 


Dionex 
Varian 
ESIndustries 
Merck KGaA 
Merck KGaA 
Manville 
Varian 


Varian 


Varian 


Waters 


Nakalai 


Varian 


Varian 
ASTEC 
Regis 
Regis 


Silica 
Silica 
Silica 
High-purity 
silica 
Polymer 
Silica 
Silica 
Silica 
Silica 
Silica 
Polymer 
PSDB 
10nm 
Shielded 
silica (poly) 
Non-porous 
silica 
Pellicular 
silica 
Low-metal- 
content 
silica 
Silica 


Silica 


Silica 
Silica 


10 


3,5 & 10 


5 
3,5&10 
monolith 
monolith 
10 & 15 
10 


3&5 


3&5 


30 


Mann & 


110 


100 


100 
100 


320 


350 
350 


Reversed 
phase 
C18 


DNBL 
DNBP 


18 
10 Yes 
15 Yes 
20 
18 Yes 
17 Yes 
8.3 
- NO 
30 
20 Yes 
- NO 
N/A N/A 
N/A N/A 


(Continued on next page) 
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TABLE 12.3 (continued) 


Brand or column Vendor Core dp, Pore Surface Surface % Endcaped 
name Material pm diam A area m?/ g material Carbon 
Delta-Pak C18 Waters Silica 5 100 300 C18 17 Yes 
Deltabond™ ODS Thermo Silica 3&5 300 100 ODS 12 No 
Hypersil 
Keystone 
Deltapak 300 C18 Waters Silica 5 300 C18 6.9 Yes 
Develosil Nomura Silica 3&5 250 160 C18 11 Yes 
3000DS-HG 
Discovery BIO Supelco High- 5 300 100 C18 
Wide Pore C18 purity 
inert 
silica 
Dynamax C18 Varian Silica 3&5 60 C18 
Econosil C18 Alltech Silica 5 & 10 60 450 C18 15 Yes 
EnviroSep-PP Phenomenex Silica 
Exmer Series SGE - - - - 
Fluophase™ PFP Thermo Silica 5 100 310 PFP 12 Yes 
Hypersil 
Keystone 
GammaBond RP-18 ESIndus Polyb- 
C18 
Great 8 ODS Regis Silica 5 80 220 C18 7 
GromSIL Grom Base-deac- 3,5 & 10 100 200 C8 6.5 No 
Octyl-1 B tivated 
silica 


b8v 


Zl 4aidvyD 


Hamilton 
HC75 
Calcium 
Helix DNA 
HiChrom ODS 
HiPak C8 AB 
Hisep 
Hitachi Gel 3053 
Hy-Tach 
Pro/Peptide 
Hyperbond™ C18 


Hypercarb® 


HyperREZ™ XP 
Carbohydrate Ag* 


Hypersil® 100 C18 


HyPURITY™ 
C18 


IB-Sil C18 

IC-Allsep 
Anion 

IC-Pak 
Anion 


Hamilton 


Varian 
Regis 
Bischoff 
Supelco 
Hitachi 
Glycotech 


Thermo 
Hypersil 
Keystone 

Thermo 
Hypersil 
Keystone 

Thermo 
Hypersil 
Keystone 

Thermo 
Hypersil 
Keystone 

Thermo 
Hypersil 
Keystone 

Phenomenex 

Alltech 


Waters 


Polymer 


Silica 
silica 
Silica 
Polymer 


Silica 


Carbon 


Polymer 


silica 


silica 


Silica 
Polymer, 7p 


150 


250 


100 


190 


125 


300 


120 


300 


200 


165 


Cation 
Exch. 
C18 ih 
C8 8 
SHP 
C18 9 
C18 
C18 10 
Graphitized 100 
carbon 
Carbohydrate - 
Agt 
C18 16 
C18 13 
C18 11 
Quat - 
Amine 


Yes 


Yes 


Yes 


(Continued on next page) 
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TABLE 12.3 (continued) 


Brand or column Vendor Core dp, Pore Surface Surface % Endcaped 
name Material pm diam A area m’/g material Carbon 
IC-Pak Waters 
Kation 
IC-Unversal Alltech Silica, 7 7 Poly- - - 
Cation butadiene 
ICN Silica ICN Silica 7, 10, 20 60 C18 16.5 
RP18 
Inertsil GL Science Low-metal- 3,5 & 10 80 450 C18 18 
ODS-80A content 
silica 
Interaction Interaction Polymer 
ION-300 
Ion Pac CS5 Dionex Polymer Cation 
exch. 
Ion Pac ICE-AS 1 Dionex Polymer 
IonoSpher A Varian Silica > 120 165 Anion 3.8 NO 
IonoSpher C Varian Silica 5 120 165 Cation 6.3 NO 
Jupiter C18 Phenomenex Ultra-pure 3,5 & 10 300 170 C18 13.34 Yes 
silica 
Keystone® ODS1 Thermo silica 3,5 & 10 80 250 ODS1 7 Yes 
Hypersil 
Keystone 
Keystone® ODS2 Thermo silica 3,5 & 10 80 250 ODS2 12 Yes 
Hypersil 
Keystone 
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Kingsorb C18 
Kovasil MS-C14 


Kromasil ODS (C18) 
Kromasil Silica 
L-leucine 
L-Phenylglycine 
LiChrosorb RP18 


LiChrospher 

100 RP18 
LiChrospher 

100 RP18e 
Little Champ ODS 
Luna C18 


Matrex MC 250 
Maxsil C18 
MetaSil AQ C18 
Micra C30 NPS 
Micra ODS 
MicroPak C18/CN 


Microsorb C18 
MicroSpherogel 
Carbohydrate 


Phenomenex 
Chemie 
Ueticon 


E. Nobel 
E. Nobel 
Regis 
Regis 
Merck 
KGaA 
Merck 
KGaA 
Merck 
KGaA 
Regis 
Phenomenex 


Amicon 
Phenomenex 
Varian 
Eichrom 
Eichrom 
Varian 


Varian 
Beckman 


Silica 
Non-porous 
silica 
1.5m 
Silica 
Silica 
Silica 
Silica 
Silica 


Silica 
Silica 


Silica 
Ultra-pure 
silica 
Silica 
Silica 
Silica 
Silica 
Silica 
Silica 


Silica 
Polymer 


15 


3&5 


3, 50, 10 15 
3&5 
3,5 & 10 
15 &3 
15 &3 
5 & 10 


3,5 & 10 


427 


100 
100 
100 
100 
100 


100 
100 


100 
100 


250 
65 
80 
Non-porous 
Non-porous 
150 


60/100/300 


90 


340 
340 
350 
350 
300 


350 


350 


220 
440 


130 
500 
220 
<3 
<3 


—/190/80 


C18 
C-14 


C18 


DNBL 
DNBP 
C18 


C18 
C18 


C18 
C18 


C8 
C18 
C18 
C-30 
C18 
C18 
& CN 
C18 
Cat+ 


18 Yes 
19 Yes 
0 
N/A N/A 
N/A N/A 
16.5 no 
21 no 
21.6 yes 
7 Yes 
19 
5 
12.5 Yes 
19 YES 
1.5 Yes 
1.5 Yes 
5 
- YES 
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TABLE 12.3 (continued) 


Brand or column Vendor Core dp, Pore Surface Surface % Endcaped 
name Material pm diam A area m?/ g material Carbon 
MicroSpherogel Beckman Polymer 3,7 10 Range NA 

TSK GPC 
MonoChrom C18 Varian Silica 3,5& 10 110 300 C18 19 YES 
Multospher CS Silica 

PAH III 
Naphthylleucine Regis Silica 5 100 350 NINL N/A N/A 
Nova-Pak C18 Waters Silica 5 & 10 60 120 C18 7.3 Yes 
Nucleosil 100 C18 MachereyNagel Silica 3,5 & 10 100 350 C18 14 Yes 
ODSpak F series Showa Denko C18 
OligoPore Polymer PS/DVB 6 GPC 100A Organic 

Laboratories size 
exclusion 

OmniSpher Varian Silica 3&5 110 320 C18 20 NO 
Optisil C18 Phenomenex Silica 3&5 90 330 C18 11 Yes 
Partisil ODS Whatman Silica 10 85 350 C18 5 No 
PartiSphere Whatman Silica 10 300 C18 Yes 

300 C18 
Pecosil C18 PerkinElmer Silica 5 & 10 60 C18 
Perkex C18 HS Phenomenex C18 
PetroSpher B Varian Silica 5 120 165 - 4.2. YES 
Pico-Tag AA Waters Silica 60 120 C18 7 Yes 
Pinkerton ISRP Regis Silica 5 80 120 8 No 
Pinnacle ODS Restek Silica 3,5,10 120 170 C18 12 Yes 
PL-GFC 4000 Polymer Hydrophilic 8 pm 4000 Gel 

Laboratories polymer filtration 
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PL-Hi-Plex Pb 
Platinum C18 
PLgel 

Polaris C18-A 
PolyCAT A 
PolyEncap A 


PolyEncap B 


PolyEncap WCX 


PolyETHYL A 


PolyGLYCOPLEX 


Polygosil 60 


Polygosil C18 


PolyHYDROXYETHYL A 


Polymer 
Laboratories 

Alltech 

Polymer 
Laboratories 


Varian 
PolyLC 


Bischoff 
Bischoff 


Bischoff 


PolyLC 


PolyLC 
Macherey- 
Nagel 
Macherey- 
Nagel 

PolyLC 


PS/DVB 


Silica 


PS/DVB 


Silica 


Silica 


silica 


silica 


silica 


Silica 


Silica 


Silica 


Silica 


Silica 


8 pm 
3&5 
3,5,10,20 


3&5 


3,5 & 10 
3,5 & 10 


3,5 & 10 


3,5 & 10 


3,5 & 10 


5,7 & 10 


5,7 & 10 


100 200 
GPC 50 A-10E6A 
plus mixed gel 


300, 1000, 1500 


100 200 

100 200 

100 200 
300, 1000 

60 500 


60, 100, 200, 300, 500, 
1000 


Ligand 
exchange 
C18 6 
Organic 
size 
exclusion 
C18 - 
Polyaspartic 
acid (WCX) 
C4 polymeric 8 
encapsulated 
C18 polymeric 12 
encapsulated 
COOH 5 
polymeric 
encapsulated 
Polyethyl 
aspartamide 
(HIC) 
HILIC 


C18 12 


Poly- 
hydroxyethyl] 
aspartamide 
(HILIC) 


Yes 


UONDIUIUINAJSUT 


YES 


yes 


yes 


no 


Yes 
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TABLE 12.3 (continued) 


Brand or column Vendor Core dp, Pore Surface Surface % Endcaped 
name Material ym diam A area m’/g material Carbon 
PolyMETHYL A PolyLC Silica 300, 1000 Polymethy] 
aspartamide 
(HIC) 
PolyPROPYL A PolyLC Silica 300, 1000, 1500 Polypropyl 
aspartamide 
(HIC) 
PolySULFOETHYL A PolyLC Silica 200, 300, 1000 Polysulfoethyl 
aspartamide 
(SCX) 
PolyWAX LP PolyLC Silica 100, 300, 1000, 1500 Linear 
polye- 
thyleneimine 
(WAX) 
Porasil Waters Silica, 125 330 N/A n/a 
15-20 pm 
Prism™ RP Thermo silica 100 - RP 12 Yes 
Hypersil 
Keystone 
Prodigy C18 (ODS 2) Phenomenex High-purity 3&5 150 310 C18 18.4 Yes 
silica 
ProntoSIL 300 C18 H Bischoff High-purity 3&5 300 100 C18 9 yes 
silica 
Prosphere 300 C18 Alltech Silica 3&5 300 100 C18 9 Yes 
ProTec - C18 ES Indust Silica 3&5 60 C18 
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Protect I 


Protein-pak + 

Protesil Diphenyl 
PRP-1 

Purospher RP18 

Regis SPS C18 
Reliance (CartCol) 
Res Elut C18 

Resolve C18 
Rexchrom C18 

Rocket Alltima C18 
RoSil C18 HL DA 
Selectosil C18 
Shim-pack CLC ODS 
Shodex GPC 

Sperogel TSK Phenyl PW 
Sperogel TSK SW CM 


SphereClone ODS 1 
SphereClone ODS 2 
Spherex C18 

Spheri ODS poly 
Spherisorb ODS 
Spherisorb ODS2 
Spherogel HIC 


Star-ION A 300 


MachereyNagel Base- 


Waters 
Whatman 
Hamilton 
Merck KGaA 
Regis 

duPont 
Varian 
Waters 

Regis 

Alltech 
Alltech 
Phenomenex 
Shimadzu 
Showa Denko 
Beckman 
Beckman 


Phenomenex 
Phenomenex 
Phenomenex 
PerkinElmer 
Waters 
Waters 
Beckman 


Phenomenex 


deactivated 
silica 
Silica 
Silica 
Polymer 
Silica 
Silica 


Silica 
Silica 
Silica 
Silica 
Silica 
Silica 
Silica 
Polymer 
Polymer 
Silica 


Silica 
Silica 
Silica 
Silica 
Silica 
Silica 
Silica 


Polymer 
PSDVB 


na 


1.5 & 3 


300 


80 
100 


90 
90 
300 
100 
80 
100 
120 


80 
80 
100 
80 
80 
80 


250 


500 


200 
100 
210 
400 
330 


220 
220 
180 


220 
220 


C18 
Diol + 
Phenyl 8 Yes 
C18 
C18 18.5 no 
C18 12 No 
Zor + 
C18 
C18 10.2. No 
C18 14 Yes 
C18 16 Yes 
C18 17 Yes 
C18 13 Yes 
C18 Yes 
Phenyl 
Carboxy- 

methyl 
C18 7 
C18 12 
C18 11 Yes 
C18 
C18 7 No 
C18 12 Yes 
Ethoxy 

propyl 


(Continued on next page) 
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TABLE 12.3 (continued) 


Brand or column Vendor Core dp, Pore Surface Surface % Endcaped 
name Material ym diam A area m’/g material Carbon 
Supelcogel Ca Supelco Polymer N/A N/A Ca 

PSDVB 

(94m) 
Supelcosil LC-18 Supelco Silica 3,5 & 10 120 170 C18 
Superspher 100 RP18 Merck KGaA _ Silica na 100 350 C18 n/a no 
Suplex pKb-100 Supelco Silica 120 170 Alkylamide 
Swift ISCO Polymer no particle 120 C18 

monolith 
Symmetry 300 Waters Silica 3&5 300 110 C18 8.5 Yes 
SymmetryPrep C18 Waters Silica 3&5 100 335 C18 19.1 Yes 
SymmetryShield C18 Waters Silica 3&5 100 335 C18 17 Yes 
Synchropak RP-8 Eichrom Silica 300 C8 
Taxsil Varian Silica 80 220 7 
Techopak C18 hple Silica C18 Yes 
Techsil C18 hple Silica 60 500 C18 11 Yes 
TSKgel Butyl-NPR Tosoh Biosep Polymer 2.5 N/A 2-3 Butyl unavailable N/A 
TSKgel Ether-SPW Tosoh Biosep Polymer 10 & 13 & 20 1000 80-100 Oligo unavailable N/A 

ethylene- 
glycol 

Ultra Aqueous C18 Restek Silica 3,5,10 100 310 C18 17 no 
Ultra C18 Restek Silica 3,5,10 100 310 C18 20 Yes 
Ultra-Techsphere C8 hple Silica 100 200 C8 Yes 
Ultracarb ODS 20 Phenomenex Silica 3&5 90 370 C18 22 Yes 
Ultraffinity EP Beckman Silica 3&5 300 Epoxide 
Ultrasep C18 Bischoff silica 3&5 100 200 C18 13 yes 


COV 
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Ultrasil ODS 
Ultrasphere C18 
UltraSpherogel (SEC) 
Ultrastyragel 


Ultremex C18 
Uniphase™ C18 


Unisphere C8 
Val-u-pak ODS 
VeloSep C18 
Versapak C18 
Vydac 101SC 


Vydac 201HS 


Wakosil C18 200 
Wakosil II C18HG 
Waters Spherisorb ODS2 
Workhorse ODS 

XTerra C18 

YMC ODS A 

Zipax (obs.) 
ZirChrom-CARB 
ZirChrom-PBD 


Beckman 
Beckman 
Beckman 
Waters 


Phenomenex 
Thermo 
Hypersil 
Keystone 
Biotage 
Regis 
PerkinElmer 
Alltech 
Grace Vydac 


Grace Vydac 


Wako Chem. 
Wako Chem. 
Waters 

Regis 

Waters 

YMC 
Agilent 
ZirChrom 
ZirChrom 


Silica 

Silica 

Silica 

Polystyrene/ 
DVB 

Silica 

silica 


Alumina 
Silica 
Silica 
Silica 
Silica 


Silica 


Silica 
Silica 
Silica 
Silica 
Silica 
Silica 
Silica 
Zirconia 
Zirconia 


3&5 
3&5 80 
3&5 Range 
7,10 & 13 Range 
5 80 
3&5 - 
5 100 
80 
30 Non- 
porous 
3, 5, 10, 90 
10-15, 
15-20, 
20-30 
200 
120 
3,5 & 10 80 
5 100 
3,5,7 & 10 125 
5 & 10 125 
35 <1 
3&5 300 
3&5 250 


200 


200 
N/A 


270 


C18 
C18 
NA 
GPC/ 
SEC 
C18 
C18 


C8/PBD 
C18 
C18 
C18 
N/A 


C18 


C18 

C18 

C18 

C18 

C18 

C18 

Many 
Carbon 
Poly- 

butadiene 
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14 Yes 
13 Yes 
Yes 
i Yes 
10 Yes 
N/A No 
13 Yes 
12 Yes 
17, Yes 
11.5 Yes 
7 Yes 
15.5 Yes 
17 Yes 
1 no 
1 No 
2 No 
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TABLE 12.3 (continued) 


Brand or column Vendor Core dp, Pore Surface Surface % Endcaped 
name Material ym diam A area m?/ g material Carbon 
Zorbax Extend-C18 Agilent Silica 3&5 80 180 C18 13 Yes 

3.5, 5 wm 
Zorbax ODS Agilent Silica 3&5 70 330 C18 20 Yes 
p-Bondapak C18 Waters Silica 10 125 330 C18 9.8 Yes 
p-Porasil Waters Silica 10 & 22 125 330 N/A n/a 
pStyragel Waters Polymer 8,10 & 15 GPC/ 

SEC 


DBPL, 3-(3,5-dinitrobenzamido)-4-pheny-B-lactam; DDBA, dimethyl N-3,5-dinitro-benzoyl-a-amino-2,2-dimethyl-4-pentenyl phosphonate 
covalently bound to 5 wm mercaptopropyl silica, DDDX, 3,5-dinitrobenzoyl derivative of 1,2-diaminocyclohexane; DDDD, 3,5-dinitrobenzoyl 
derivative of diphenylethylene-diamine; DAPP, N-3,5-dinitrobenzoyl-3-amino-3-phenyl-2-(1,1-dimethylethyl)-propanoate; DTM, 1-(3,5-dinitro- 
benzamido)-1,2,3,4,-tetrahydrophenanthrene—mono functional linkage; DTT, 1-(3,5-dinitrobenzamido)-1,2,3,4,-tetrahydrophenanthrene—trifunc- 
tional linkage; DBAD, dimethyl N-3,5-dinitro-benzoyl-a-amino-2,2-dimethyl-4-pentenyl phosphonate covalently bound to 5-~m mercaptopropyl 
silica; PP, Pentafluoropheny]l - propyl; DNBL, 3,5-dinitrobenzoy] leucine, covalently bonded to 5-j.m aminopropy] silica; DNBP, 3,5-dinitrobenzoyl 
phenylglycine, covalently bonded to 5-~mm aminopropy] silica; NINL, N-(1-naphthyl) leucine; N/A not applicable 
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source of information (Chap. 24). SciQuest maintains a database of HPLC columns, 
available on a subscription basis. 

Various scientists have attempted to classify the columns from various vendors. They 
have been unsuccessful, since the batch-to-batch and column-to-column variability is 
significant. Also, it is now clear that lab-to-lab variance is potentially very large. This 
makes it even more difficult to classify columns in a meaningful manner. The US 
Pharmacopoeia has tried a different approach of classifying columns by general 
specifications, but this classification has not been adopted outside the pharmaceutical 
industry for at least two reasons: advances in column technology have been too rapid, and 
descriptions of the manufacturing process has been found inadequate for defining the 
product and performance, particularly the selectivity. The European Commission has tried 
still a different approach: It commissioned the development of a European Standard 
Column that is supposed to serve as a reference column, in the same manner as a standard 
or certified reference material. After more than six years in development, the column has 
not been released. Round-robin testing first gave unacceptably large variances in response 
to many tested parameters. 

Columns for ion chromatography are a special case, because there are only a few 
vendors. Dionex has developed many proprietary column packings that offer unique 
performance. All of its brand names begin with “JonPak,” so that at least the vendor’s 
identity is not in doubt. Metrohm, Showa Denko, Alltech, and others also offer columns for 
ion chromatography. 

If all else fails, one can resort to comparing the performance of different columns. This 
can be done with automated column-switching valves, which are available from Agilent, 
Rheodyne, or Valco. The valves can be set up to inject the same sample into 6 to 10 
columns in succession in a technique called column scouting. Thus, an experimenter can 
run several gradients per column in unattended operation (usually overnight) and quickly 
scan the results. A factorial design or optimization program, such as DryLab (LC 
Resources) [22] or Chromsword (Merck) [23] can be used to assist in method 
development. 


12.1.5.1 Monoliths 


Monoliths are characterized by a continuous bed rather than packed particles. The 
original name, “continuous-bed columns”, was later changed to “monolithic phases.” In 
2002, the leading monolith product was the Chromolith from Merck. The silica is 
precipitated as a rod and then inserted into a plastic tube [24]. While these columns 
provide an efficiency equivalent to that of columns packed with 5- or 3-ym particles, 
the pressure drop is only ca. 5% to 10% of the corresponding packed-bed columns. This 
allows the use of higher flow-rates than with packed beds. Columns can be connected in 
series to provide separation efficiencies of 200,000 plates, which is ca. 5 to 10 times the 
practical limit of packed-bed columns. ISCO has introduced monolithic columns (called 
“Swift’) made from organic monomers that are polymerized in situ. Stationary phases 
are suitable for ion-exchange and RP chromatography [25] as well as 
electrochromatography. 
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12.1.5.2 Capillary columns 


Capillary columns are usually defined as having a diameter of less than 1 mm. They can 

be divided into two general classes. 

(a) Open-tubular columns are analogous to open-tubular columns in gas chromatog- 
raphy. For HPLC, the inside diameter needs to be less than 20 tm, and the narrower 
the better. At these dimensions, capillaries have a high resistance to flow and low 
load capacity. Peak volumes are so small that they are beyond the detection 
capabilities of current commercial instrumentation. 

(b) Packed capillaries for HPLC are increasingly popular, especially for LC/MS, since 
the low flow-rates are compatible with the vacuum systems. In practice, narrow 
capillaries (100 ym ID) provide greater efficiency, but with larger diameters 
(typically, 500 zm) the dynamic range is better, and imperfections in plumbing are 
less troublesome. 

Monolithic silica columns in capillary dimensions were developed by Kyoto Monol- 
iths [26] and introduced in the USA by GL Sciences. Svec’s group [27-30] has published 
directions for preparing polymeric monolithic capillary columns. A mixture of monomers, 
cross-linkers, poragen, and polymerization initiator is pumped into the capillary. The 
reaction is initiated by heat or light. After washing the poragen from the resulting column, 
it is ready for use. 


12.1.5.3 Column temperature 


The effect of column temperature is receiving increasing attention [31,32]. Before 
temperature control was instituted, RSDs in the 1 to 3% range were accepted, but precision 
can be improved by a factor of ca. 10 by maintaining the temperature at ca. 5°C to 10°C 
above room temperature. It is typically set at 30°C or 35°C. Failure to control temperature 
contributed to excessive variations in the results of evaluating the European Reference 
Column [33] (see above). Ion-exchange or steric-exclusion chromatography of polymers 
requires the use of higher temperature. The accompanying increase in selectivity has 
received scant attention. Advances in column technology, particularly the use of polymers 
beads and, later on, zirconia particles, have led to the use of elevated temperature to 
modify elution, particularly in RP-LC. Selerity Technologies introduced the Series 8000 
HT/HPLC, where HT stands for high temperature, i.e., a temperature up to 200°C. 
Temperature programming is possible at heating rates as high as 50°C/min, and 
isothermal operation at 100°C provides a substantial time saving. Water at 140 °C has a 
polarity similar to 60% aq. methanol [34]. This is of particular advantage in LC/NMR, 
since DO is much less expensive than perdeuterated organic solvents. Separation is 
achieved with D,O by temperature programming. The transfer line from the column to the 
NMR coil is cooled to improve detection. Programming the column temperature in HPLC 
is much more difficult than in GC. The heat capacity of the eluent is high, and the heat 
conduction inside the column is severely restricted by the column packing. This becomes a 
major problem as the column diameter increases above | mm. Selerity has solved this 
problem by heating the connecting tube between the injector and the column to 
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supplement column heating. One of the more interesting uses of temperature control is 
called denaturing HPLC (DHPLC) (Chap. 19). It is used by molecular biologists to locate 
polymorphisms in double-stranded DNA. DHPLC is a specialized techniques that requires 
good control of the column temperature for success [35-37]. 


12.1.6 Detectors 


Detectors are said to be either bulk-property or solute-specific detectors. Bulk-property 
detectors measure some property of the solution, such as refractive index, whereas solute- 
specific detectors focus on some property of the solute, such as light absorbance. Detectors 
can also be classified as concentration- or mass-sensitive detectors. Most detectors for 
HPLC are concentration-sensitive, but in GC, many of the detectors are mass-sensitivity, 
e.g., the FID. Two books present an in-depth review of HPLC detectors, although some of 
the specific examples are out of date [38,39]. More recently, Scott has reviewed LC 
detectors [40] and tandem LC detectors, including MS, MS" and NMR [41]. 


12.1.6.1 Specifications and properties 


Detectors are characterized by several specifications [42]: 

(a) Linearity refers to a response of the detector which is linear with concentration. 

(b) Linear dynamic range is the concentration range over which the response of the 
detector is linear. Most detectors will continue to respond to changes in 
concentration up to very high levels, but not linearly, due to saturation of the 
detection elements. 

(c) Noise level is the signal recorded without sample in the cell. In HPLC, it is usually 
measured with water flowing through the cell. It is important to know what 
contributes to the noise level. Changes in the noise level are usually significant; an 
increase in noise is often an early indicator of malfunction. 

(d) Drift is the change in signal over a long period of time, typically 1 h. Usually, drift 
is ca. 10 times the noise level. 

(e) Detection sensitivity. The minimum detectable concentration or quantity is the 
minimum amount of sample that can be detected. Usually, this is the amount that 
produces a response of 2—3 times the noise level. 

(f) Flow sensitivity is the change in detector response due to a change in flow-rate, and 
it is usually related to temperature sensitivity. 

(g) Temperature sensitivity is the change in detector signal arising from a change in 
temperature. The mechanism responsible for the temperature sensitivity varies with 
the detector design. For optical detectors, it is usually due to a change in the image 
or focal point. The spectrum can also change significantly with temperature. 


12.1.6.2 Universal detectors and detection techniques 


In the early days of HPLC, analytes that were not suitable for detection by UV 
absorbance were measured with differential refractometers. Most solvents used in HPLC 
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have a low refractive index (RI), whereas analytes generally have higher values. Thus, the 
RI changes when almost any solute passes through the flow-cell. Detection limits were 
then in the low-microgram range, but in the last 30 years, the design has improved so that 
detection limits are now in the low-nanogram range. Typically, the linear dynamic range is 
10*. Since the refractive index is strongly influenced by temperature, some detectors 
provide temperature control of the column effluent. Many designs have been proposed and 
later dropped. Today, the major vendors (Waters and Agilent) use a beam-deflection 
design. Wyatt Technology uses an interferometer, which improves the detection limit ten- 
fold. Presently, the major use of the RI detector is for measuring the concentration of 
polymers, often as part of a system including low-angle laser-light scattering (LALLS). 
For other analytes, the RI detector has largely been replaced by the evaporative light- 
scattering detector (ELSD), which is much more robust, gradient-compatible, easier to 
use, and often more sensitive. 

Evaporative light scattering entails nebulization of the column effluent, followed by 
sweeping the nebulization cell with a warm stream of dry gas. This causes the solvent to 
evaporate but nonvolatile solids to condense. They are swept along to the flow-cell, which 
consists of a light source and a photodetector. Nonvolatile analytes scatter the light, which 
produces an increase in the signal. The ELSD is popular in combinatorial chemistry, where 
it provides a quick check on the progress of a reaction. It is also useful as a gradient- 
elution-compatible alternative to RI detection. Unfortunately, volatile analytes are often 
not detected, but Shimadzu’s ELSD flow-cell is at a lower temperature to improve their 
detection. 

When universal detectors are not suitable, it is sometimes possible to make a selective 
detector function as a nearly universal detector by using the vacancy effect to provide 
indirect detection. The indirect detection technique makes use of a reporting molecule, 
dissolved in the mobile phase. Most commonly, this is a compound with strong UV 
absorbance. With a UV detector, this produces a constant signal of high absorbance in the 
absence of any sample. Compounds invisible to the UV detector will displace and, hence, 
dilute the reporting compound, thus producing a loss of signal, which can then be 
measured. This technique was earlier called vacancy detection. It requires enough of the 
compound to provide a signal, but not so much that it absorbs the signal of the reporting 
compound, which is usually light. 


12.1.6.3 Mass spectrometry 


Mass spectrometry can be universal, as when the total ion current is collected, But the 
mass is specific to the solute, as used in single-ion monitoring, or solute-specific, as in 
single-ion monitoring. 


12.1.6.3.1 Interfacing with liquid chromatography 

During the past decade, MS, which is an established detection method in GC, has 
emerged as the most powerful detection technique for HPLC. It is also very useful for CE 
and should find application in CEC as well. Initial attempts at combining LC with MS 
were unsuccessful due to difficulties in introducing the column effluent into the mass 
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spectrometer. Since MS requires a high vacuum, even a modest flow-rate of eluent was 
sufficient to overcome the pumps and ruin the spectrometer. Initial attempts centered 
around some variety of a detector where the column effluent was deposited on a moving 
wire and then evaporated in a heated zone [43,44]. The wire was next passed into a 
pyrolysis zone, which was connected to the inlet of the mass spectrometer. However, the 
heat for evaporating the solvent also evaporated some of the more volatile target 
compounds, thus degrading detection limits and reproducibility. Moreover, compounds 
tended to form a puddle during drying, producing very high concentrations when they 
reached the pyrolysis zone. 

In present-day instruments the effluent enters the spectrometer either from a capillary 
[45] or from a splitter [46] (Fig. 12.2). The splitter takes the effluent from a larger- 
diameter column and reduces it to a level compatible with the vacuum pumps. 
Alternatively, one can use a splitter upstream of the column to facilitate the use of 
capillary columns. Some splitters are simply “T”-pieces with outlets having different 
resistances to flow. The balance between its two legs is adjusted empirically, often by 
cutting the length. Thermo Finnigan and other instrument manufacturers have added 
multi-dimensional chromatographic inlets to their MS/MS systems, particularly the ion 
traps. This is especially useful for structure determination of peptides. Recently, 
Rheodyne developed a mass-rate attenuator (MRA), which is a rapidly actuated internal 
loop valve that can be programmed to divert small aliquots of liquid to the MS line, 
while passing most to the line leading to the fraction collector [47]. This provides split 
ratios of from 100:1 to 100,000:1. 


Chromatography and UV DAD Control 


NMR Spectrometer 
Console 


Bypass 


Flow Control and 
Peak Sampling Unit 


HPLC-NMR Probe 


UV (DAD) 
Detector 


Mass Spectrometer 


Mass Spectrometer 
Console 


Fig. 12.2. Schematic drawing of LC/FTIR/UV/NMR systems for qualitative and quantitative 
analysis of drug metabolites. The stream for MS is split off from the stream for the other detectors. 
(Reproduced by courtesy of I. D. Wilson and American Laboratory.) 
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12.1.6.3.2 Ionization modes 

The first really useful ion source for LC/MS was the thermospray [48]. The effluent 
from the column was passed to a stainless-steel needle, heated with a small cartridge 
heater. This would heat the liquid and cause it to evaporate upon exiting the capillary. 
When the column effluent contained ammonium ions, the evaporation process produced 
charged clusters during the evaporation, which were attracted electrostatically to the 
skimmer and onto the analyzer. Another option was to irradiate the spray with electrons 
from a hot filament or from a glow discharge. Thermospray is a very soft mode of 
ionization, which provides strong molecular-ion peaks with little fragmentation. 
Thermospray has been largely replaced by atmospheric-pressure chemical ionization 
(APCI) and electrospray ionization (ESI). 

Since heating seemed to work, there was a strong effort to increase the range of analytes 
that could be ionized. APCI substituted the ammonium ions in thermospray with a highly 
charged (ca. 2000 V) needle, placed in the post-capillary nebulization region. Another 
modification makes use of a sheath of dry nitrogen as a nebulizing gas. The corona 
discharge of the needle generates hydrogen ions (from traces of water vapor in the eluent 
and curtain gas), which collide with the analyte to impart a charge; the process occurs at 
atmospheric pressure. 

APCI was quickly followed by ESI, where the effluent from the capillary passes 
through a conducting needle, which is at a high voltage (ca. 4000 V). This imparts a charge 
to the liquid and thus to the droplets that form during the nebulization process. As the 
drops contract due to evaporation, the charge density builds, eventually exploding 
the micro-drop. Many of the products are charged and thus attracted to the ion optics of the 
spectrometer. Neutral molecules are swept away. ESI usually produces molecules with 
multiple charges. Several software programs have been created to calculate the mass of a 
singly charged ion from the ESI patterns. 

Matrix-assisted laser desorption ionization (MALDI) can be used to introduce large 
(ca. 100,000 Da) molecules or some that are difficult to ionize into the ion source. By now, 
MALDI is an accepted ionization mode for qualitative analysis. Improvements in the 
design, especially the vacuum deposition interface, indicate that a RSD of +/— 10% can 
be attained with a MALDI interface. 

In photo-ionization the column effluent is vaporized in a nebulizer and then irradiated 
with light. The ionization potential of suitable analytes must be lower than the ionization 
potential of common solvents, such as water, methanol, and acetonitrile. In favorable 
cases, photo-ionization produces a low-background signal, which can improve detection 
limits. 


12.1.6.3.3 Ion analyzers 

Presently, there are four main choices for the ion-analyzer stage of LC/MS. These can 
be combined to provide tandem MS (MS/MS) or multiple MS (MS°). In MS/MS, the ion 
from the first stage is caused to fragment, usually by adding a collision gas, and then the 
pieces are analyzed. MS/MS is particularly useful in determining the structure of complex 
molecules, such as peptides, proteins, and carbohydrates. 
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Quadrupole analyzers are the least expensive and probably the most rugged. The 
analyzer consists of four rods that are connected to a radiofrequency (RF) oscillator. 
At a particular RF setting, only ions of a particular mass-to-charge ratio (m/z) will have 
the proper frequency to pass through the analyzer onto the detector. The frequency of 
the field is scanned over a few seconds to produce the mass spectrum. The principal 
problem with quadrupole mass analyzers is that they are relatively slow. Chromato- 
graphic peaks may be only a few seconds wide. Thus, the rise and fall of the 
concentration profile is superimposed on the MS scan. This makes comparison of results 
very difficult, since a low peak in the MS can arise from a low concentration or 
just poor timing. Thus, quadrupole LC/MS detectors are used for peaks that are much 
wider than the scan time of the mass analyzer. When this is possible, the quadrupole 
analyzer generally provides the most reproducible qualitative and quantitative analytical 
results. 

Ion traps (IT), which hold ions in a RF trap, are much faster in response than 
quadrupoles, but they have a lower dynamic range, typically less than 1000. The ions enter 
the ion trap, which is a cavity formed by electrodes on which a RF field is imposed. The 
ions are held in the trap, and expelled to the detector when the frequency is correct. This 
process occurs much faster, typically 10 to 50 times per second, and facilitates following 
the fastest chromatographic peaks. The IT can be pulsed with a gas, the so-called collision 
gas, to induce fragmentation. This is similar to the process used in quadrupoles, but since 
scanning the mass with the IT is so much faster, one can perform multiple fragmentations. 
This facilitates focusing on smaller and smaller fragments. Then the spectrometer returns 
to the main or parent peak and repeats the process. Since it is fast, structure determinations 
are also fast. Ion traps have been particularly useful in the determination of the structure of 
peptides by inducing stepwise fragmentation, corresponding to the stepwise loss of the 
constituent amino acids. 

Time-of-flight (TOF) mass analyzers are based on the time required to traverse the 
distance from the ion source to the detector element. TOF mass analyzers were not widely 
accepted until ca. 1990, when MALDI-TOF instruments were introduced, primarily for 
qualitative analysis. TOF facilitates the analysis of very large ions, even as large as half a 
million daltons, and the repetition rate can be extremely fast. As many as 1000 spectra per 
second can be collected for recording or for averaging. TOF and TOF/TOF analyzers are 
particularly useful for protein analysis. 

In the ion cyclotron resonance (ICR) and Fourier-transform (FT)-ICR mass analyzer 
ions are held in a magnetic field that is very stable. Hence, it provides very high mass 
accuracy, often better than one part per million [49]. Frequency analysis by FT further 
improves the signal quality. Generally, ICR is used with an ESI interface. The instruments 
are large and expensive and they require a continuous supply of liquid helium. Recently, 
Bruker introduced an instrument for about half a million dollars, a significant price 
reduction compared to the prior model. 

Accelerator mass spectrometers (AMS) use a linear accelerator to propel the ions into a 
detection foil for counting. The complex ion optics are capable of counting one isotope in 
the presence of 10'° isobaric atoms. In contrast to MALDI and ICR, the AMS provides 
very accurate signals, suitable for quantitative analysis. It is about 1000 times more 
sensitive than radio-labeling and scintillation counting. Cost and size are the two main 
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drawbacks. One instrument is housed in an obsolete mid-sized airplane hangar. Operating 
costs are proportional to the size. The advent of stable-isotope labeling has increased the 
number of core facilities providing AMS on a service basis. 


12.1.6.4 Solute-specific detectors 


The solute-specific detectors measure some property of the analyte that is absent from 
the solvent, such as light absorption, fluorescence, or chemiluminescence. Flow-cells are 
important design feature in absorption spectrometers, which must be matched to the rest of 
the system, especially the injector and column. The response of absorbance detectors 
increases with light-path length in the flow-cell. However, cell design is a compromise 
between increasing the volume to increase detector sensitivity and decreasing the volume 
to maximize chromatographic resolution. For analytical work, a long path-length 
(typically, 10 mm) will be used, while preparative chromatographs will have flow-cells 
with a short path-length (1 mm or less). Not only path-length, but cell diameter must be 
considered. A larger diameter allows more light to be transmitted and improves the signal- 
to-noise ratio. The standard flow-cell has an internal diameter of | mm and a cell volume 
of 8 wl. For capillary columns, a narrower flow-cell can be used, but that limits the amount 
of light that can reach the detector. That, together with schlieren effects, increases the 
noise. Moreover, the flow resistance of the cell can be so high as to cause leaks. 

Noise levels can be lowered by thermostating the flow-cell (besides using pumps with 
low pulsation). Noise may be due to the temperature dependence of the index of refraction, 
which affects the focal point in the optical system. In both absorbance and fluorescence 
detectors, the response of some compounds can change by 1% or more per degree 
centigrade. Failure to control the temperature can show up as a drift in the output, 
requiring frequent calibration. 

Photometers are the least expensive and most sensitive and stable absorbance detectors. 
They are suitable, if the wavelength of the light source coincides with the absorbance of 
the compounds of interest. Most photometers are equipped with low-pressure mercury 
lamps, which provide radiation at 254 nm. Other wavelengths can be supplied by 
phosphors or lamps with other elements, but none of them rival the 254 nm line of 
mercury. 

Spectrophotometers allow the selection of wavelengths other than those offered by 
ordinary photometers. This is important, e.g., for determining compounds, such as 
peptides, which have a stronger absorption below 200 nm. Since solvents start to absorb at 
190 nm, there is a very narrow, but useful window at ca. 195 nm. Generally, the signal-to- 
noise ratio of spectrophotometers is ca. 10 times poorer and the cost 2—3 times higher than 
that of a photometer of comparable quality. Some spectrophotometers can be programmed 
to provide measurements at different wavelengths as a function of time. This is a very 
useful feature, especially for complex samples, since detection can move to wavelengths 
of greater sensitivity for certain analytes and avoid wavelengths of interfering material. 
Usually, spectrophotometers are equipped with deuterium lamps for measurements at 
wavelengths from 190 to 380 nm and with tungsten lamps for 380 nm to 800 nm. The 
deuterium lamp is expensive and has a lifetime of only a few thousand hours. 


Instrumentation 503 


The next-higher step in the cost of absorbancy detection is the diode-array detector 
(DAD). It can measure absorbance over a wide range of wavelengths, typically from ca. 
190 nm to 380 nm, or even to 800 nm, if a tungsten lamp is used. A diffraction grating after 
the flow-cell spreads the light onto the elements of a photo-diode array. Typical arrays 
comprise 512 or 1024 elements. Thus, spectral resolution is typically ca. 2 nm/diode for 
the 512-, and 1 nm/diode for the 1024-element array. Since absorbance is measured over a 
wide spectral range, one can obtain the absorption spectrum of the analytes as they are 
eluted from the column. This may be sufficient for identification and for detection of 
overlapping chromatographic peaks. DADs are only now approaching the signal-to-noise 
performance of spectrophotometers. Noise specifications should be examined carefully to 
make sure that the low noise claimed for a diode array is not obtained by excessive 
electrical filtering or noise averaging. A good DAD costs about twice as much as a 
spectrophotometer of comparable quality and 7 times as much as a photometer. 

Fluorescence can be selected as a detection mode when the analytes fluoresce and when 
higher sensitivity is required than UV absorbance provides. However, fluorescence 
detection is sensitive to incidental effects, such as quenching and hypsochromic and 
bathochomic solvent shifts, which can degrade reproducibility. Quenching by certain 
solvents, such as acetonitrile, is also a factor to be considered. The flow-cell is designed to 
be as large as possible to increase sensitivity without contributing more than 10% to band- 
broadening, or peak variance, of the column. 

Spectrofluorometers substitute grating monochromators for both the excitation and 
emission optics. This quadruples the price, while the light level is often restricted, since so 
much is discarded in the excitation monochromator. Therefore, these detectors are not 
very popular, but they are useful in method development for rapidly selecting the 
appropriate excitation and emission wavelengths. For compounds lacking appreciable 
fluorescence, derivatization with fluorescent reagents may be used. This works well if only 
one reaction site is present. For larger molecules, such as proteins, derivatization is often 
incomplete and variable. 

Compounds lacking appreciable fluorescence will fluoresce when irradiated with high- 
intensity photons, such as provided by a laser. Laser-induced fluorescence (LIF) is effected 
by focusing the intense light from the laser on a small volume. Thus, it works especially 
well with capillaries columns in CE, CEC, and HPLC. There are two major drawbacks: 
acquisition and operating costs are often high, and the reproducibility of the laser from 
pulse to pulse is variable. This makes it difficult to achieve good precision (better than 
+/—5%) with LIF. 

Electrochemical reactions can be used to detect analytes that contain oxidizable or 
reducible groups. Electrochemical techniques include potentiometry, amperometry, and 
coulometry. All of them measure the current generated by an applied potential. 
Detection limits are typically at the nanomole and occasionally picomole level. 
Originally, the detectors were difficult to use, since the electrode surfaces tended to foul 
easily and irreversibly. Today, pulse programs are designed to regenerate the surface 
prior to the next measurement sweep. Generally, potentiometric detectors are used in 
well-engineered analyzers, where the vendor has developed the application and even 
validated it. 
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12.1.6.5 Multiple detectors 


The specificity of the mass spectrometer can be used to confirm the identity of a 
chromatographic peak, based upon retention times and measured by UV absorbance. 
MS/MS, where fragment ions are further examined, can serve for further identification. 
However, MS is seldom useful for discriminating between optical isomers. In contrast, 
NMR is very useful in the structural elucidation of material that is isomerized during the 
ionization process in MS. For example, the tocopherols are a class of natural products with 
numerous cis/trans as well as positional isomers. Their mass spectra are similar, due to 
isomerization to acommon molecular ion, but NMR enables the qualitative analysis of the 
isomers [50]. 

LC/MS/NMR/FTIR is an exceptional example of multiple detectors, which has been 
used for the qualitative and quantitative on-line analysis of complex mixtures from, e.g., 
metabolism studies of drug candidates [51]. By performing the analysis with all detectors 
on-line, the problems of correlating data taken in different labs at different times can be 
avoided [52]. The cost of such a system can be over three million dollars, but if it saves a 
day in development of a blockbuster drug, it is worth it [53]. As shown in Fig. 12.2, the 
sample stream is split prior to the MS detector. Typically, about 90% of the flow passes 
to the optical detectors, first to the FT-IR and then to the diode-array UV detector. The 
NMR detector is last, since the strong magnetic field requires that the rest of the 
instruments remain several feet away, even with active shielding. Proton NMR works 
best with deuterated solvents, which lower the background, but deuterated solvents are 
expensive. Solvent exchange from proton-containing solvents to deuterated solvents can 
improve the signal/noise at the expense of going off-line. Bruker has developed an 
automated solvent exchange unit, in which the column effluent is diluted with water and 
passes through a Cig SPE cartridge, where it is adsorbed and concentrated. Adsorption 
can be repeated several times in succession to recover more sample and thus improve 
detection [54]. The cartridge is eluted with trideutero-acetonitrile, which is routed back 
to the NMR cell. 


12.1.7 Data stations 


Early detectors provided only analog output, usually with a signal up to 10 mV, that 
was then passed to a potentiometic recorder and, occasionally, a digital integrator. 
Beginning in 1975, analog outputs were replaced by digital signal processing, with direct 
transmission to data stations for further processing and report generation. As the cost of 
microprocessors dropped, it became possible to add features, such as event programming, 
gain control, and fault detection, to the individual modules. Today, most HPLC modules 
communicate with each other. While this adds features that would be difficult to 
implement in hardware, it increases development cost. Software development now 
typically accounts for more than half of development for a detector or pump. Strip-chart 
recorders and digital integrators have been almost completely replaced by computerized 
data stations. Nowadays, a modern computer costs less than a strip-chart recorder cost 
in 1975. However, the software may be 2—10 times more expensive than the computer. 
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For example, the early editions of Millennium software for chromatography were very 
difficult to learn and have been replaced with a new program, called Empower. Empower 
has four different user interfaces: a Millennium emulation for users familiar with 
Millennium software, a basic level for inexperienced operators of the instrument, and 
intermediate and advanced levels for specialists with increasing skill and responsibility. 
Software has a short product life, typically only 3 to, at most, 7 years. Development 
usually continues with frequent releases and updates that patch problems or add new 
capability found on other software. However, each improvement can have unintended 
consequences, such as decreasing the reliability of the original code. This is compounded 
by the evolving requirements of the Food & Drug Administration (FDA) for controlling 
software and auditing methods and results. This is called current good laboratory practice 
(cGLP) and 21CFR part 11. Following the lead of the FDA, the Environmental Protection 
Agency (EPA) is beginning to set up similar regulations for environmental laboratories. 
Being behind the FDA in deploying these requirements, the EPA is expected to avoid 
many of the difficult issues, such as what to do with legacy data systems. Considering the 
technical properties of the data station and detector, it is desirable for sampling to be fast 
enough to take at least 10 measurements across the narrowest peak, which is usually the 
first one. Faster sampling only degrades the signal quality due to noise and creates 
excessively large data files. 


12.1.8 Fraction collectors 


Eluate fractions can be collected in vials or multi-well plates. Fraction collectors can be 
controlled by a computer, by a timer, or by the detector output. Thus, Kassel et al. [55] 
devised a multiplexed mass spectrometer for chromatographic purification of combina- 
torial-chemistry products. The crude reaction products were placed in an autosampler, and 
the solvent delivery system was set to run a gradient at 40 mL/min, the flow being split 
equally between four matched columns. The UV detectors provided the primary detection 
of peaks by measuring the absorbance at 220 and 254 nm, and the splitters routed 99.8% of 
the liquid either to the fraction collection plate or to waste and only 0.2% to the 
multiplexed mass spectrometer. 


12.1.9 Instrument design 
12.1.9.1 Design Standards 


Analytical instruments are subject to design codes for safety and quality assurance. 
Compliance with the International Standards Organization (ISO) is not very meaningful, 
but design codes for safety are important. In Europe, the CE mark is required for 
instruments, such as chromatographs, that are powered by electricity or contain gas under 
high pressure. A product bearing the CE mark meets the relevant European Union 
directives [56]. In the USA, most instruments are designed to comply with Underwriters 
Laboratories (UL) Code 1262L. This places stringent requirements, particularly, on 
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electrical design. Certain local authorities have issued their own design codes. Some will 
accept UL certification, others will not. Canada once had unusually stringent design codes, 
called CSA, but has recently bowed to pressure for harmonization by recognizing 
standards of other organizations. Japan still has codes that appear to be non-tariff barriers 
to importers, particularly on products employing high-pressure gases and radioactivity. 
The former affects, in particular, the import of supercritical-fluid instruments. Buyers of 
instruments should ask about both ISO certification and compliance with safety codes. It is 
also incumbent upon the operator to make sure that instruments are operated within their 
design and safety limits. For example, protective barriers and circuits for lasers or high 
voltage should be used and not disabled. 


12.1.9.2 Modular vs. integrated design 


Instruments can be either modular or integrated, housed in a single cabinet. While an 
instrument assembled from modules provides flexibility, integrated instruments are 
designed for a specific use, such as portability for field monitoring or high-temperature 
operation, e.g., a size-exclusion chromatograph for the analysis of polymers [57]. Modular 
systems may have redundant power supplies and communications links, which increase 
cost, but allow replacement of obsolete modules at a lower cost than replacement of 
integrated instruments. Waters has marketed a hybrid HPLC instrument, called 
“Alliance”, which consists of a single cabinet, housing the solvent reservoirs, pumps, 
injector or autosampler, column thermostat, and column. Detector and the Empower data- 
and-control program are added as modules. 


12.1.9.3 System dead-volume 


The dead-volume of the instrument is a key parameter affecting chromatographic 
performance, especially in gradient elution (Chap. 2). After operator error, the system 
volume is responsible for the majority of problems found in method transfer, especially in 
trying to copy a method from the literature. Most of the current chromatographs are 
optimized to pump mobile phase at | mL/min. Fortuitously, this is near the minimum in 
the HETP vs. velocity curve (Chap. 1) for columns with an internal diameter of ca. 4 mm. 
Thus, it is a simple exercise to calculate the delay time associated with a change in 
conditions. For example, if a gradient chromatograph is constructed with high-pressure 
mixing, the delay time corresponds to the volume of the mixer, injector, and the transfer 
lines to the top of the column. For most chromatographs with high-pressure mixing, this is 
much less than 1 mL. High-pressure mixing produces a gradient with a fast response. Pre- 
pump gradients mix solvents before the pump. This lowers the cost but slows the response 
to changes in composition. Usually, the mixing chamber must be larger, since the solvent 
is introduced for controlled time intervals. Typical pre-pump gradient systems have a 
volume of ca. 4 mL. This is trivial in isocratic elution, but in gradient elution the effect can 
be dramatic. 
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12.1.9.4 Materials of construction 


Most analytical chromatographs are made with stainless-steel plumbing in the high- 
pressure section, which extends from the outlet of the piston chamber to the outlet of 
the detector. Stainless steel is strong but susceptible to corrosion [58]. Corrosion can 
contaminate the eluent with metal ions, which may react with the sample, or the sample 
may react directly with the corrosion deposit. The fritted disks (“frits”) in columns are 
particularly suspect. Irreversible adsorption of sample components on the column or 
frits can be detected as an intercept in a plot of sample added vs. response. Stainless 
steel can be made inert through passivation, which usually entails a preliminary 
washing of the plumbing with 50% aq. nitric acid. This treatment reestablishes the 
oxide coating on the steel. To test frits for passivation, they are soaked in water 
overnight. Corrosion is indicated by discoloration of the frit. In the early days, HPLC 
systems were made “biocompatible” by replacing stainless-steel parts with glass, 
plastic, or titanium. Titanium parts are unusually resistant to corrosion but expensive. 
Titanium is difficult to machine, and titanium tubes are difficult to bend. Today, 
instruments for chromatography of proteins, nucleic acids and carbohydrates are usually 
made with polyether ethyl ketone (PEEK) tubing. PEEK is also preferred for ion- 
exchange chromatography, including ion chromatography. This is a plastic material 
strong enough to withstand several hundred atmospheres of pressure when used with 
most aqueous eluents at room temperature. However, some organic solvents, 
particularly concentrated tetrahydrofuran and acetonitrile, will slowly soften the plastic, 
and should be avoided. 

Piston seals are another source of contamination. The seals are often made of 
composite plastics containing lubricating agents, which are designed to wear slowly. 
Occasionally, this can cause clogging of the column inlet frit. A low dead-volume 2-\1m- 
porosity filter ahead of the injector is recommended to catch wear particles from the 
pump. Check valves are usually sapphire balls housed in plastic sealing washers. The 
balls or seats can fail due to contaminants. They can usually be rescued by pumping with 
a dilute solution of laboratory detergent or soaking for a few hours in 50% nitric acid. 
Inlet lines, feeding the pump, are usually made of Teflon. Since Teflon is permeable to 
atmospheric gases, the outlet of the degasser should be connected to the pump with 
stainless-steel tubing. 


12.2 GAS CHROMATOGRAPHY 


In 2002, gas chromatography celebrated its 50" anniversary as an instrumental 
technique. In most countries of the world it is now considered a mature technology with all 
the factors associated with product maturity: Generally, the number of vendors has 
declined to one dominant vendor (Agilent) and a few secondary vendors (Table 12.4). 
There is very little technical innovation, limited primarily to sample preparation 
technology and improved injector design. China is an exception to the generalization of a 
mature market. The rapid development of China’s infrastructure has created a demand for 
low-priced gas chromatographs. The majority of these instruments utilize designs that 
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VENDORS OF GC INSTRUMENTS 
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Vendor Instruments MS Other Injector Sample prepn Portable Comments 

ABB P x x Process control 

AC Analytical Controls L x x Petroleum analyzers 

Aerograph Obsolete trade name of Varian 

Agilent L M M M Xx Leading vendor for lab. GC 

Alltech x x x M Low-priced basic chromatograph 

Antek L U x Focus on industrial chemicals 

ATAS (Div. of GL) M Innnovative injection technology 
BeifenRuili L x xX Leading manufacturer in China 

Bruker M OEM via Agilent 

Buck Scientific L x Low-priced basic chromatograph 
Chromato-Sud P Several process analyzers 

Chrompack Acquired by Varian 

Detector Technology M Leader in thermionic detection 

F&M Acquired by Hewlet-Packard, now Agilent 
Fuli Analytical Instrument Co., Ltd. L M Chinese Manufacturer of GC 

Gerstel M Stir bar extraction 

GL Sciences L M M M Major vendor in Japan 

GOW-MAC L x xX Leader in thermal conductivity detection 
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Konik-Tech 

Leap Technologies 
LECO 

OI Analytical 
Perkin-Elmer 
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Rosemount Analytical 
Shandong Luan Ruihong Instruments 
Shimadzu 

SICT? 

Siemens Applied Automation 
SRI Instruments 
Techcomp Ltd 
Tekmar Dohrmann 
Thermo Electron 
Valco 

Varian 
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Name changed to Agilent 

Limited to Japan 

Popular in Japan 

Chinese Manufacturer of GC 

GC developer in Spain 
Autosampler 

Leader in GC X GC 

Strong position for GC of petrochemicals 
Global vendor for lab. Inst. 

Chinese Mfg. for petrochemical GCs 
Focus on process control 

Chinese Manufacturer of GC 
Global vendor for lab. inst. 

Chinese Manufacturer of GC 
Process control 

Leader in low-priced GC 

Chinese Manufacturer of GC 
Purge-and-trap injection 

GC strong in Europe, leading in MS 
Helium-ionization detector 

Global vendor for lab. inst. 
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1, Shanghai Ke Chuang Chromatograph Instruments Co., Ltd.; 2, Research Institute of Petroleum Processing; 3, Shanghai Haixin Chromatographic 
Instruments Co., Ltd.; X, Significant products and market share; x, Small market share; M, Major vendor; U, Unique; L, Laboratory instrument; 
P, Instruments for on-line or process control 
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were typical of research-grade instruments about 15 years ago, but performance is more 
than adequate for routine work in an environment where labor is not yet expensive and 
high precision or sensitivity is not required. 


12.2.1 Instrumentation 


Over the last 15 years, instrumentation of GC has continued to evolve, albeit slowly. 
Smart electronic flow-controllers for the carrier gases and exquisitely designed ovens 
combine to provide a retention time RSD better than 0.05%. Similar precision can be 
achieved for peak areas, especially with the use of internal standards. Computer control of 
all functions and parameters is now standard. Electronic flow-controllers have been the 
most significant advance in the pneumatic area. Algorithms have been developed by 
Agilent and PerkinElmer to tune the instrument automatically for optimum results. The 
error adjustments can be accessed for diagnostics or call for preventive maintenance. All 
this comes at a price, and most assays do not require the precision that is now routinely 
purchased. Less expensive instruments with precision ten times poorer and less than half 
the price are relegated to developing countries, even though these are designed and 
manufactured by some of the market leaders. 

Detectors are an important and still evolving accessory. As the cost of mass 
spectrometers is declining, more than half of the gas chromatographs sold recently are 
equipped with MS detectors. However, the buyer of such detectors may be overlooking the 
significant savings in the use of element-specific detectors, such as flame photometers for 
sulfur-containing compounds and thermionic detectors for nitrogen- and phosphorus- 
containing compounds [59]. To save energy, column ovens can be replaced by embedding 
the capillary in a microwave cavity. The capillary must be coated with a polymer that 
absorbs the microwave radiation. This provides very fast heating and cooling with low 
power consumption. Other designs include a heater, wire wound in a spiral around the 
capillary, which is enclosed in an insulating tube. The result is not only lower power 
consumption, but also a faster heating rate than that provided by a column oven. 

Injection of liquid samples into capillary GC columns can strip the stationary phase 
from the column, and solvents can disrupt or even extinguish the flame in flame-based 
detectors. Instead of passing all the solvent through the column, the injector is cooled to 
just above the boiling point of the solvent, and a side-vent is opened. The gas supply is 
sufficient to keep the mobile phase running through the column, while the solvent is vented 
through the open splitter. After the solvent is removed, the vent valve is closed, and the 
temperature of the injector is increased rapidly to produce the chromatogram in the usual 
manner. Similarly, on-column injection, split/splitless injection, programmed-temperature 
vaporization, and large-volume injection, can be performed on the same instrument. With 
a large-volume injector, samples as large as 3 mL can be injected to detect analytes in the 
part-per-trillion range. 

Comprehensive GC [60,61] is the name given to separations implemented with two 
columns, connected in series with a trapping interface (Chap. 8). The longer column 
provides the basic separation, while the shorter column, which has a very different 
polarity, separates the analytes that were unresolved on the first column. A stimulus, 
usually heat, is applied to the trap to release a pulse of sample to the second column. 
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The output is generally a two-dimensional contour plot. In addition to the improved 
separation, the trapping interfaces can concentrate the analytes once again after passing 
through the long column. This usually improves the limit of detection 10 to 30 times. 


12.2.2 Sample Preparation 


The advances in instrumentation are minor compared to the novelty seen in sample 
preparation for GC. These advances not only reduce labor, but also improve precision, by 
as much as 80%. The change from packed to capillary columns has hastened the 
development of sampling technology for small samples. Solid-phase micro-extraction 
(SPME) is very convenient and widely used (Chap. 8). The SPME technique depends on a 
sorbent-coated fiber inside a syringe needle. The fiber is extended into the sample, where it 
extracts the analyte. After extraction, the loaded fiber is withdrawn into the needle, which 
serves as a sheath. During injection, the needle pierces the septum of the injector, while 
protecting the fiber from mechanical damage. The fiber is immediately extended into the 
hot injector, the analytes are thermally desorbed, and then enter the column. Generally, 
SPME works best with small amounts of nonpolar analytes. 

Stir-bar extraction is performed in a closed vial with a polymer-coated magnetic micro 
stir-bar. Polydimethylsiloxane and other coatings are available. Injectors, such as the 
Gerstel TDS2, have been designed to pass the stir-bar into a heated zone for thermal 
desorption. The principal advantage of stir-bar extraction is that the capacity of the coating 
on the stir-bar can be much larger than that of the SPME fiber, and this improves the 
detection limit thousand-fold. 

In the purge-and-trap method the analytes are trapped on a strong sorbent, often at low 
temperature. Rapid heating of the sorbent then drives off the analytes in a narrow pulse, 
and they are swept into the column. The GC Cryo-Trap from Scientific Instrument 
Services is designed to concentrate volatile analytes at the top of a capillary column by 
cooling with liquid CO). They are then flashed off in an controlled manner. An electronic 
temperature program controls the heating coil, wrapped around the megabore capillary 
section. 

Autosamplers generally process racks of samples that have been prepared off-line. The 
key parameters in evaluating commercial autosamplers are: minimal sample volume, 
cycle time, %RSD in repetitive injection, and carry-over. Carry-over from a concentrated 
sample can be minimized by interspersing blank injections. 


12.3 THIN-LAYER CHROMATOGRAPHY 


Another mature technology, thin-layer chromatography (TLC), continues to evolve 
slowly (Chap. 6). The principal users are concentrated in Europe, particularly in the large 
pharmaceutical laboratories. In the United States, the preference is for HPLC, since it can 
be automated and operated by technicians with less formal education. In 2002, Merck 
introduced the Ultra Thin-Layer Chromatography (UTLC) plates [62] with a sorbent layer 
made of hybrid silica, similar to the Xterra phases for HPLC from Waters. The sorbent 
layer is a 10-jwm-thick continuous phase rather than a layer of granules. With UTLC, 2- to 
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5-cm development takes less than 5 min. Densitometers with slit optics may be 
undesirable for such a small object, since the resolution is degraded by the slit width. It is 
probable that video densitometers will be more satisfactory, as was the case with the 
postage-stamp-size gels used so successfully in the 1990s by Amersham Pharmacia 
Biotech. 

Instrumentation for TLC continues to evolve as engineers attempt to automate the 
manual steps and improve reproducibility. One example is the continuing struggle to 
improve OPLC, which stands for Optimum Performance Laminar Chromatography [63] or 
Overpressure Liquid Chromatography, depending upon the vendor. In OPLC (Chap. 6) a 
thin-layer plate is sandwiched between two plates. Gaskets close off the sides so that eluent 
can be forced through the sorbent layer of the TLC plate. This is similar to HPLC, but the 
column is a planar bed. The advantage is that many — up to 96 — separations can be run in 
parallel. OPLC can also be used for preparative purification by streaking the sample on the 
plate, but, of course, the amount of sample that can be processed is limited. 


12.4 SUPERCRITICAL-FLUID CHROMATOGRAPHY 


Supercritical Fluid Chromatography (SFC)(Chap. 2) is experiencing a revival after a 
period of quiescence in the early 1990s. The new growth is in response to needs in three 
applications areas: 

(a) Characterization of the unsaturated fractions of petroleum fuels and feedstock. 

(b) Analysis and purification of synthetic drugs. 

(c) Fractionation and purification of natural products. 

SFC is well suited for the separation of compounds that are soluble in methanol or less 
polar solvents. Instrumentation for SFC resembles that for HPLC with some important 
differences: The flow-cells for optical detectors need to withstand much higher pressure 
than in HPLC. SFC requires a pressure controller at the outlet of the column, and this is 
accomplished with electronic pressure controllers. The pumps require more complex 
control of the fill- and compression-stroke than HPLC pumps. Carbon dioxide is the most 
commonly used eluent. Since it is much more compressible than the commonly used 
solvents for HPLC, pumps that are designed specifically for pumping CO2 must include 
elaborate compressibility correction algorithms. Berger Instruments has developed solvent 
delivery systems that provide composition reproducibility and accuracy equal to those for 
HPLC. Next to Berger Instruments, the following vendors supply pumps and other 
accessories for SFC: Selerity Technologies, Thar Designs, and JASCO. 


12.5 FLASH CHROMATOGRAPHY 


Before leaving the topic of instrumentation for chromatography, a variant of the oldest 
form should be mentioned. Flash chromatography is a very useful technique for the rapid 
purification of reaction products in synthetic organic chemistry, particularly in the 
pharmaceutical industry, when the resolution required is low, but the capacity needed is 
high. Packed columns, containing ca. 100 g of irregularly shaped silica gel particles are 
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eluted with organic solvents by gravity flow. To speed up the process, gas pressure (up to 
100 psi) can be applied to the solvent reservoir. Highly automated instruments for flash 
chromatography are available from a variety of firms, including ISCO, Biotage, and 
Argonaut Technologies. 


12.6 ELECTROPHORESIS 


For the last ten years, the market has shifted from chemicals for preparing slab gels 
to precast gels for PAGE (polyacrylamide gel electrophoresis) and less so for agarose 
gels. They are not only convenient to use, but also of consistent quality. Capillary (CE) 
is used not only for proteins, nucleic acids, and their components, but also for the 
analysis of chiral compounds, carbohydrates, in the identification of drugs, and in 
clinical diagnostics. CE instrumentation (Chap. 9) is available from several dealers 
(Table 12.5). The leading vendors of CE equipment for general analytical and clinical 
diagnostic applications are Beckman-Coulter, Agilent, and CE Technologies. Unimicro 
Technologies and Agilent also sell instruments capable of capillary electrochromato- 
graphy (CEC). Beckman offers CE instruments with eight capillaries, while Amersham 
Pharmacia Biotech and Applied Biosystems have developed analyzers that can process 
96 samples at a time for DNA sequencing. CombiSep and Spectrumedix provide 
applications tuned to high-throughput screening and drug evaluation. Some models 
have capillary bundles of 96 and 384 capillaries that take samples from the multi-well 
plates. Detection is one of the areas in CE that needs improvement. UV detection is 
limited by the short path length of the cell. Fluorescence suffers from a similar 
problem, since the cell volume is also small. Laser-induced fluorescence (LIF) 
(Sec.12.1.6.4) is a partial solution, but the cost is high. Beckman, in cooperation with 
Thermo Finnigan, has coupled CE with ion-trap MS. This is a useful improvement, but 
again, at significant increase in price. Capillaries for high-performance (HP)CE are 
usually fabricated from fused-silica capillaries. The interior surface is coated to control 
or modify the surface charge and, thus, electro-osmotic flow [64]. The future belongs 
to HPCE on solid chips (Chap. 11), first commercially available from Agilent and 
Caliper. 


12.7 ELECTROCHROMATOGRAPHY 


Capillary electrochromatography (CEC) combines some of the advantages of HPLC 
and CE [65] (Chap. 7). This seems to be true with respect to the range of sample capacity. 
Chromatography (HPLC and CEC) offers a dynamic range of about 10° in concentration, 
while it is 10°, at best, for CE. Many separations that require gradient elution in HPLC can 
be performed isocratically with CEC, but controlling the flow-rate is not as easy as in 
HPLC. Still, CEC will be a powerful analytical tool when the major problems are solved or 
controlled. A list of vendors for CEC instruments is presented in Table 12.5. 


TABLE 12.5 


VENDORS OF CAPILLARY ELECTROPHORESIS (CE) AND CAPILLARY ELECTROCHROMATOGRAPHY (CEC) PRODUCTS 


Capillary Electrophoresis 


Capillary Electro-chromatography 


Vendor or Brand Name__ Status _— Instrument Type 


Capillaries and kits 


Instrument type Capillaries Comments 


Agilent 2100 M Chip 
Agilent 3D M G 
Amersham Biotech W 

Applied BioSystems M CAE 
Beckman M G+ DNA 
BioCal M SNPS 
Caliper M G 
Capel 

CE Technologies M G 
Combisep M CAE 
Luminex M G 
Megabase WwW CAE 
Microsolve M 

MicroTech Scientific M G 
Prince Technologies M G 
UniMicroTechnologies M G 


Kits 
C 
DNA Arrays 


DNA Arrays 


C&k 
K 


HTS 


Lab-on-chip 
G Popular general purpose instrument 
Market collapsed after HUGO 
completed 
Leader in DNA sequencing 
Leader in clinical HPCE 
Focus on SNPS 
Lab-on-chip 
See Luminex 
G Manufactured in Singapore 
Many applications for 
Pharmaceutical assays 
Manufactured in Russia 
See Amersham 
Leading vendor of application 
kits for HPCE 
G Cc Innovative vendor of HPCE, 
CHPLC and CEC 
Manufactured in Netherlands 
G C CE, CEC and CHPLC 
with same instruments 


C, Capillaries; CAE, Capillary-array electrophoresis; Chip, CE on a chip; DNA, Optimized for DNA sequencing; G, General-purpose instrument; 
HTS, High-throughput screening; K, Kits; M, In production at time of writing; SNP, Single-nucleotide polymorphisms; W, Withdrawn from market. 
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12.8 FUTURE DEVELOPMENTS 


The next decade should see a steady evolution in design, mostly along conventional 
lines. Since the largest firms want to avoid marketing blunders, true innovation will 
probably come from the smaller firms and research institutions. Miniaturization and 
parallel processing are clearly in the immediate future. For example, a sixteen-channel 
HPLC array for denaturing HPLC has been devised for locating SNP (single-nucleotide 
polymorphism) [66] (Fig. 12.3). The parallel design increases throughput. 


4 quadruple-loop 
injection valves 


= »»> 4-filter/photodiode 
eluents 4x oud KS assembly 
column oven 
(ae mcaeest i} Ar-ion laser 
manifold|/——eoe- tH ya 
128 | ‘el 


ogoooO,., 
oooooo0'-r’ 


Multi-column 


\ ae = mill ¢0iot 
| ti 
S et 4 detection 


low-pressure 


gradient pump @) ai 
flow restrictor 16 monolithic 
capillary 
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Fig. 12.3. Sixteen-channel HPLC for analysis of single nucleotide polymorphisms (SNP) with 
monolithic columns and multiplexed multichannel laser-induced fluorescence for detection. 
(Reproduced by courtesy of P. J. Oefner, Stanford University [68].) 


An expected trend is the growth of HPCE and CEC in lab-on-a-chip (LOC) 
applications. The problem of performing HPLC on a chip is not yet solved. Detection 
limits of MS still do not meet the needs of some analysts. It is probable that improvements 
in ion source and interface design will enable a 100-fold improvement in detection limits 
within the next decade. Detectors for capillary separations, based upon transmission 
through a cell appear to be running into a brick wall. It is likely that detection principles of 
the future will be based upon surface phenomena or interference phenomena. Finally, data 
processing, including signal extraction, is ripe for further advances. The improvements in 
computational power will enable some of these. This will be combined with new search 
algorithms to quickly find, retrieve, and present relevant information from masses of data 
from around the globe. 
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switching B949-951 
temperature A496-—497, B919—920 
Combinatorial libraries A159—160, A421, 
A449, A450 
Combined chromatographic techniques 
A403-—425 
Combined identification methods B761-—763 
Complexation A60—63 
Complexes B721-—723, B724 
Computational fluid dynamics A461-—462 
Concanavalin B1060, B1061 
Concentration shift method B924 
Concentrator columns B543 
Condensation B846 
Conductivity detection 
in column liquid chromatography A119 
in gas chromatography A358 
in ion chromatography B539, B543 
theory of A180—183 
Confocal systems A371—374 
Coniine B1058 
Conjoint liquid chromatography B695—696 
Conotoxin B1110 
Continuous-bed columns see Monolithic 
columns 
Contraceptives B1018-—1020 
Control equipment A474—475 
Convallatoxin B1105 
Convective mixing A305 
Co-ordination compounds 
electroseparation of B571—572, B573-—574 
gas chromatography of B526—530 
liquid chromatography of B555—558 
Co-polymers A236—237 
Copper B523, B526-—527, B551-—553, 
B569—572 


AS 


Coulombic attraction A42—43 

Coulometric detectors A118—119 

Coumaric acid B545, B1052-1053 

Coumarins B955, B1052—1053 

Counter-ions A126-—127 

Coupled chromatographic techniques 
A403-425 

Coupled column liquid chromatography 
A410-412 

Coupled columns A120—121, A332, A347, 
A405-412, A413-—414, B521-522, 
B540 

Crack cocaine B1082 

Creatine B552 

Creatinine B552 

Cryptand columns A198 

Curium B525 

Cyanide B547, B548 

Cyanogen bromide B526 

Cyanogen chloride B526 

Cyclic reducing agents B646—647 

Cyclodextrin A326, B855, B872, B885—886 

Cyclohexane B1097 

Cyclosporin B949, B950 

Cysteine B609-610 

Cytisine B1058 


D 


Darifenacin B952 

De-acylation B819 

Dead-volume A506 

De-amidation B680—-681 

Dean’s switch A335 

Debrisoquine B955 

Debye forces A40-41 

Debye-—Hiickel equation B698 

Debye length A17, A301, A302, B715 

Debye screening factor B656 

De-glyceration B819-—820 

Dehydroepiandrosterone B1107 

Denaturing gel electrophoresis A239 

Denaturing gradient gel electrophoresis B924 

Denaturing high-performance liquid 
chromatography B919—-921 

3-Deoxy-D-manno-octulosonic acid B869 

Deoxyribonucleic acid B906—908 

capillary electrophoresis A387—388, 

B926-928 


A6 


column temperature B919—920 
fluorescent dyes B933 
fragment analysis A437—442 
ion-pair chromatography B918-—919 
mutations B928 
polymorphisms B1115-—1116 
sequencing A439-—442, B928 
typing A440-442, B1113-1121 
De-phosphorylation B819—820, B821 
Deramciclane B974 
Desalting B723-—725 
Desflurane B971 
Designer drugs B1085—1087, B1089-1091 
Design standards A505-—507 
Desipramine B948 
Deslanoside B1105 
Desmethylflunitrazepam B1098, B1100 
Desorption phases A141, A151 
Detectors 
amperometric A118—119, A183-184, B598 
pulsed-amperometric B842-—843, 
B867-868 
atomic emission A360—361, A414—415 
atomic spectroscopy A121, B540 
bulk-property A358—364, A497 
chemiluminescent A361-—362, B551, B597 
chiral A119 
electrochemical A118—119, B540, 
B842-843 
electron-capture A353, A355—356 
flame A285, A352—355, A359-360 
fluorescence A116, A118 A233, A503, 
B551, B597 
four-color confocal A372—373 
indirect B567, B598, B599 
infrared A362 
ionization A352—358 
light-scattering A113 
evaporative A421, A498, B597, B802, 
B841 
multi-angle laser A222—223, B876 
microfabricated devices A436—437 
nitrogen B597 
olfactory A363 
optical A358—362 
photoionization A353, A356—357 
photometric A358-—362, A502, B567 
pulse-discharge A353, A357 
spectroscopic A115-—118, A121, B540 


ultraviolet B932—933 
thermal-conductivity A358 
thermionic ionization A353, A355 
universal A497-—498 
variance A37 
Development modes A267-—272 
Dexamethasone B973, B1107 
Dextran-methylprednisolone succinate 
A221—222 
Diacylglycerols B746—747, B751-—752, 
B787-793 
Diagnostic contrast media B1022—1023 
Diazepam B974—975, B1104—1105 
Diborane B525 
Dichloroacetate B544 
Dichloromethane B1097 
Dichlorprop B992 
Diclofenac B954 
Diesel oil A347 
Diethylpropione B1085-— 1086 
Diffusion 
coefficients Al1l—14, A1l8—19, A20, A31 
in electrokinetic chromatography A312 
in gas chromatography A323 
Diflubenzuron B1001 
Digital autoradiography A281 
Digitalis B1105 
Digitoxigenin B1105 
Digitoxin B1105 
Digoxin B1105 
Dihydrocodeine B1080-1081 
Dihydromorphine B1080-1081 
o-Dihydroxybenzoate B545 
Dihydroxymetabolites B785—786 
Dihydroxymethamphetamine B1090 
B-Diketones B526—529, B530 
Dimethylamphetamine B1089 
Dimethylantipyrine B957 
Dimethylarsinate B559 
Dimethylarsinic acid B557, B574—575 
Dinitrobenzene B1111 
Dinitrobenzoy] derivatives B790—791 
Dinitrotoluene B1111 
cis-Diol cyclic complexes A157 
cis-Diol titration B719-—720 
Dioxins B991, B1009 
Diphenylamine B1111 
Diphenylarsonic acid B574 
Diphenylhydramine B948 


Diphenyllead chloride B574 
Dipole induction forces A40—41 
Dipole moments A41 
Dipole orientation forces A41—42 
Diquat B1014 
Diradylglycerols B787—793 
Direct detection B567, B575, B597, 
B613-614 
Disc electrophoresis A388—389 
Dispersion 
extra-column contributions A17—38 
forces A39, A325—326 
solute-zone A9—38 
theory A9-38 
Dissolved-organic-carbon detectors A223 
Distribution coefficient A199—200, A299 
Distribution constant A322—323 
Diterpenes B1044, B1046- 1047 
Dithioalkylates B528 
Ditrate B539 
Diuretics B1106, B1108 
Diuron B991 
Donnan dialysis B540—541 
Donor/acceptor forces A325 
Donor/acceptor interactions A60 
Donor/acceptor phases A112 
Doping agents B1106—1108 
Doxazosin B958, B973 
Doxepin B957, B1108 
Drift A497 
Drug analysis B945—975 
column/column liquid chromatography in 
A412 
gas chromatography in B969—972 
high-performance liquid chromatography in 
A416, B953—968 
ion chromatography in B971—972 
multiple detectors for B966—968 
overpressured-layer chromatography in 
B973-974 
photodiode-array spectrometry A416 
supercritical-fluid chromatography in 
B968-—969, B970 
solid-phase extraction for B948—995 
thin-layer chromatography in B972—975 
turbulent-flow chromatography in B953 
Drugs of abuse B1074—1098 
Dual detection A364 
Dye ligands A155-—157 


AZT 


Dynamic coating ion-pair chromatography 
B546 
Dysprosium B569 


E 


Ecgonidine B1082—1085 
Ecgonine B1082-1085 
Ecgonine methyl ester B1082-—1085 
Ecstasy B1085-— 1087, B1089-1091 
Edible oils A409 
Egg-shell proteins B619, B620 
Egg yolks B810-811 
Elastomer chips A452-—453 
Electrically driven electrokinetic chromato- 
graphy A315-—316 
Electric-field-mediation separations A459 
Electro-antennograph A363-—364 
Electrochemical detection Al18—119, B540 
Electrochemically regenerated ion neutralizer 
B542 
Electrochemical reactions A503 
Electrochemical regeneration of suppressors 
A178-180 
Electrochromatography 
see Capillary electrochromatography 
Electrodes B842—843 
Electrodialysis B541 
Electrokinetic chromatography A297-—317 
capillaries A301—302, A303-—304, 
A306—310, B561 
electrically driven A315—316 
electro-osmotic flow A301-—304 
enantiomer separation A314—315 
modes A298—301 
open capillaries A301—302, A306 
packed capillaries A301—302, A303-—304, 
A306-310 
peak dispersion A305, A307-—310, 
A312-313 
pressure-driven A315—316 
pseudo-stationary phases A310—315 
selectivity A307 
stationary phases A304—315 
Electrolytic membrane suppressor A178—-180 
Electron-capture detector A353, A355—356 
Electron donor/acceptor interactions A60 
Electronic variance A37 


A8 


Electron ionization mass spectrometry 
B780-781 
Electro-osmotic flow 
in capillary zone electrophoresis A375—381 
electrochromatography A298, A301-—304 
open capillaries A301—302 
porous beds A303-—304 
Electrophoresis 
instrumentation for A513, A514 
Electrophoretic migration B641 
Electrophoretic mobility A311, B560-—562, 
B566, B568, B656—657 
Electro planar chromatography A258, A276 
Electrospray ionization A418, A446, A447, 
A500, B846 
Electrospray ionization mass spectrometry 
B755-—758, B763, B792, B802-806, 
B875, B891 
Electrostatic interaction B715—717 
Electrostatic ion chromatography A201-—203 
Elemental analysis A417, B521-536 
Eluents 
generation of Al75—176 
ion chromatography A174—176, B546—547, 
B548 
inorganic species B538—539 
selectivity A187, A188-—190 
ion-exclusion chromatography B548 
ionic strength A221 
ion-interaction chromatography B546-—547 
ion-pair chromatography B546-—547 
peptide chromatography B613-614 
Elution A141, A123—125, A282 
Enantiomers A314—315, A411, B598, 
B600-—606, B885-—886 
End-capillary conductometric detection 
B567—568 
Endocrine disruptors A423, B1018 
Energy-transfer primers B933 
Enflurane B1097 
Enhanced separations A332-—340 
Enhancement columns B549 
Entacapone B951 
Environmental analysis B987— 1036 
by gas chromatography B532 
by ion chromatography B543 
by liquid chromatography A416, A423-—424, 
B543 
detection in B1006—1007 


mass spectrometry in A423-—424 
organometallics B532—536 
persistent organic pollutants B1007-—1011 
personal care products B1018—1022 
pharmaceuticals B1018-—1022 
photodiode-array spectrometry in A416 
plasticizers B1023—1024 
quantitative B1004—1024 
sampling B989-1003 
solid samples B994— 1002 
surfactants B1014—1018 
toxins B1108—1109 
turbulent-flow chromatography in B1004 
water samples B989-—994 
Enzymatic characterization B820—822 
Enzymatic cleavage A147-148 
Enzymatic reactions A455 
Enzyme-inhibition assay A448, A449 
Enzyme-linked immunosorbent assay A143, 
A144, B841 
Ephedrine B949, B1086, B1107 
Epitestosterone B1106, B1107 
Epoxypolyunsaturated fatty acids 
B785-—786 
Equilibrium constant A46—47, A49—50, 
A68-—70, A81 
Equivalent chain-lengths B749 
Erbium B569 
Erucic acid B795 
Erythropoietin B675—677 
Escherichia coli B682—683 
Essential oils A334, B1040-—1042, B1043 
Estradiol fatty acid esters B747 
Estrogens A411, B999, B1019 
Ethanesulfonate B563 
Ethanol B1098 
Ether lipids B792 
Ethinylestradiol B965 
Ethylamine B552 
Ethyleneglycol dinitrate B1111 
Ethylenethiourea in water A411 
Ethylmercury B521, B534—535, B557 
Ethynodiol B959 
Europium B523, B530 
Explosives B1110—1112 
Expression systems B682—683 
Extrachrom A274—275 
Extra-column contributions, variance 
A33-38 


Extraction 
see also Solid-phase...; Solid-phase micro... 
immuno-affinity B952, B992 
lipids B741-—747 
organic pollutants B998—1001 
solid samples B997—1002 


F 


Famotidine B1108 

Fast-atom bombardment B754—755, 
B809-810, B846, B891 

Fast gas chromatography A336-—337 

Fast separations A332—340 

Fatty acid esters B746—747 

Fatty acid methyl esters B779 

Fatty acids B765—769, B779—782 

Fenoprop B992 

Fenspiride B971 

Fentanyl B971 

Fermium B523 

Ferulic acid B545, B1052-1053 

Fick’s laws A10 

Field analysis A208 

Field-inversion electrophoresis A439-—440, 
B931—932 

Film thickness A27, A28—29 

Filter-chamber arrays A457, A458 

Flame retardants B1002 

Flash chromatography A512—513 

Flavonoids B1050—1052, B1054, B1055, 
B1061 

Flavonol glycosides B1055 

Flobufen B958 

Flow rate A84—85, A266—267, A476-—477 

Flubiprofen B967 

Fluid manipulation A434—436 

Flunitrazepam B951, B1098-—1099 

Fluorescent dyes B933 

Fluoride B539, B544, B563 

Fluorine B531, B564 

Fluorogenic reagent reactions B846 

Fluoroquinolone B959 

Fluoxetine B958, B971, B973 

Fluprostenal B971 

Flurazepam B975 

Flurbiprofen B965 

Fluticasone B964—965 

Folch extraction B742, B743 


A9 


Folding transitions B658, B659, B725 
Forced-flow chambers A266 
Forced-flow planar chromatography 
A255—258, A269, A287 
method development A289-—290 
preparative A284—285 
Forensic analysis B1073—1121 
amphetamines B1085-—1092 
arson accelerants B1112—1113 
biological warfare agents B1109—1110 
cannabinoids B1092—1096, B1097 
chemical warfare agents B1109—1110 
chromatographic screening B1102-—1105 
chromosome-specific polymorphisms 
B1119-1120 
cocaine B1081-—1085 
DNA typing B1113-1121 
doping in sport B1106—1108 
drugs of abuse B1074—1098 
environmental toxins B1108—1109 
explosives B1110—1112 
hallucinogens B1085-—1092 
inks B1113, B1114 
mitochondrial DNA B1119-1120 
natural compounds B1105 
nucleic acids B1113-1121 
occupational toxins B1108—1109 
opioids B1075—1081 
printing media B1113, B1114 
sex chromosomes B1119-1120 
therapeutic drugs B1098—1102 
volatile narcotics B1096— 1098 
writing media B1113, B1114 
Formate B539, B563 
Formic acid B545 
Forward recoil spectrometry A233 
Four-color confocal detection A372—373 
Fourier-transform infrared spectrometry A362, 
A415-416, A417 
Fourier-transform ion-cyclotron resonance 
spectrometry A420 
Fraction collection A459, A461, A505 
Fragrances B996, B1000, B1021-—1022 
Free-zone electrophoresis B647—660 
Freundlich equation A59 
Fructans B872 
Full adsorption/desorption A235 
Fuller—Schettler—Giddings Equation A12 
Fumaric acid B545 


Al0 


Fungicides B993 

Furans B991 

Furfurals B845 
Furosemide B1107 
Fusarenone B1044, B1045 


G 


Gadiodiamide B962 
Gadolinium B569 
Galactarate B563 
Galactoglycerolipids B768 
Gallamine B1102 
Gallic acid B545 
Gallium B551 
Gallopamil B958 
Gangliosides B767, B890—891 
Gas chromatography A319-—364 
atomic emission detection in A414—415 
columns for A321—323, A332 
combined techniques A405—410, 
A413-416, B1012 
detection in A348-—364 
enhanced separations in A332—340 
extra-column variance A35 
Fourier-transform infrared spectrometry in 
A415-416 
headspace A346-—347 
injection techniques in A340-—347 
instrumentation for A507—511 
mass spectrometry in A413-—414, B761, 
B786, B1012 
molecular species resolution B784—785, 
B793 
multi-dimensional GC A333—336, 
A337-340 
negative ion-chemical ionization mass 
spectrometry in B787—788 
operating variables A321—331 
pressure tuning A332—333 
programmed-temperature vaporizer 
A345-346 
sample introduction in A340—347 
solute-zone separation A50, A51 
stationary phases for A325—327 
tandem A81 
total profiling B813-814 
two-dimensional A337—340, B1005—1006 
univariate optimization A80-—81 


Gas-phase diffusion coefficients A1l2—13 
Gastric juice B806 
Gel electrophoresis A239, B924 
Gel filtration A70 
Gel permeation A70 
see also Size-exclusion chromatography 
Gel slab electrophoresis B925 
Genomics 
computer/software resources B1146-—1147, 
B1149, B1153-1154 
sequencing B726—727, B928, B929, B935 
Gentisic acid B545 
Geometrical isomerism B530 
Germanes B523, B524 
Germanium B522, B524, B536 
Gibberellins B 1046-1047 
Gibbs free energy A44 
Gitaloxin B1105 
Gitoxin B1105 
Gleevec B962 
Glibenclamide B1100-—1101 
Glibornuride B1101 
Gliclazide B973, B1101 
Glimepiride B1101 
Glipizide B1101 
Gliquidone B1101 
Glisoxepide B1101 
Globin peptids B652 
Glucans B872, B875 
Glucose monophosphates B870 
Glutamate B563 
Glutathione B609-610 
Glycerophospholipids B757, B769—773, 
B800-811 
acidic B807—809 
neutral B800-—807 
Glycoconjugates B873—874, B876, B892 
Glycolipids B849 
Glycopeptides B874 
Glycoproteins A154—155, B861 
Glycosaminoglycans B873 
Glycosidases B677—680 
Glycosphingolipids B778, B892 
Glycosyl phosphatidylinositols B778 
Glycosyltransferases B677—680 
Glyphosite B992 
Golay Equation A20—21 
Gold B523, B547, B548 
Gradient elution A315, A477—478 


Gradient formation B719—720 

Gradient gel electrophoresis B924 

Gradient polymer elution chromatography 
A231—232 

Graphitized carbon A110, B859—860 

Group-specific ligands A145 


H 


Hagen—Poiseuille Equation A15 
Halides B525, B531, B535 
Hallucinogens B1085-—1092 
Halogens B522 
Haloperidol B1104 
Halothane B971, B1097, B1098 
Hashish B1092—1096, B1097 
Heart-cutting A333 
Helmholtz—Smoluchowski Equation A17, A302 
Hemoglobin B654, B655, B720 
Henry equation A45, A301, B656 
Henry’s correction factor A301 
Heparin A154, A229, B879 
Heptafluorobutyrate B884-885 
Herbicides B992—993, B1001, B1002, B1013 
Heroin B1075-—1076, B1078 
Hexane B1097 
High-performance affinity chromatography 
B881 
High-performance anion-exchange chromato- 
graphy B840—841, B863, B866-—875 
High-performance capillary electrophoresis 
B893 
High-performance liquid chromatography B909 
see also Column liquid chromatography 
with inductively coupled-plasma mass 
spectrometry B962—964 
with mass spectrometry B845, B846-847, 
B959—964, B966—968 
with nuclear magnetic resonance B964—968 
High-performance molecular-sieve chromato- 
graphy A217 
High-performance size-exclusion chromato- 
graphy A223-—224, B875—876 
High-performance thin-layer chromatography 
A255, A259—260, A280, A288-—291, 
B887, B748—749, B753 
High-pH chromatography B840-—841, B863, 
B866-875 
High-speed analysis A207—208 


All 


High-temperature separations A129 
High-temperature size-exclusion chromato- 
graphy A232 
High-volume direct injection A203—204 
Hildebrand solubility parameter A47—48 
Hirschfelder-Bird-Spotz Equation A11 
Holmium B569 
Homocysteine B609—610 
Hormones A238, B1018-—1020 
Host cell expressions B682—683 
Hiickel—Onsager Equation A301-—302 
Human growth hormone A238, B674, B676, 
B680-681 
Humic substances A240 
Hyaluronan oligosaccharides A239—240 
Hybrid silica packing B956—957 
Hydrides B523, B524-—525 
Hydrocarbons B542 
aromatic B1096—1097 
Hydrochlorothiazide B973, B1108 
Hydrodynamic chromatography A67-—68 
Hydrodynamic permeability A216—217 
Hydrogen chloride B524 
Hydrogen selenide B523 
Hydrogen sulfide B523, B524 
Hydrolysis B588—589, B816-819 
Hydrophilic-interaction chromatography 
B847-855, B861-—862 
Hydrophobic-interaction chromatography 
adsorption B705 
purification B707, B708 
retention mechanisms B697—703 
Hydrophobic interactions A301 
Hydrophobic polymers A379 
Hydroxide generators B538-—539 
Hydroxyapatite B692—693 
p-Hydroxybenzoate B545 
Hydroxybutrate B1098 
Hydroxycinnamic acids B1052—1053 
Hydroxyl radical B564 
Hygiene B543, B1018-—1022 
Hypericin B967 
Hyphenated chromatographic techniques, see 
Coupled chromatographic techniques 


I 


Tatroscan A285 
Ibuprofen B952, B965, B966, B967 


Al2 


Ilperidone B966 
Imipramine B957 
Immobilized affinity ligands A142—143 
Immuno-affinity A155, A412, B952, B992 
Immuno-assays A143-—147, B841, B888 
Immunoglobulin B675—677, B721—722, B723 
Immunosorbents A143, A144, B841, B991 
Incapacitating drugs B1098-1110 
Indirect chiral separations B605—606 
Indirect detection B598, B599 
Indium B551 
Indole B1059 
Indomethacin B967 
Induction forces A40—41, A325 
Inductively coupled-plasma mass spectrometry 
A121, A225-—226, A416-417, 
B962-—964 
Injection 
column liquid chromatography A101-—103, 
A478—480 
cool on-column injection A343—346 
gas chromatography A340-—347, A510 
microfabricated devices A434—436, A452 
variance A35 
Inks B1113-1114 
Inorganic anions 
detection of B538—540 
electroseparation of B559-—665 
gas chromatography of B530-531 
ion chromatography of B537—550 
liquid chromatography of B536—550 
Inorganic cations 
detection of B561-—562 
co-ordination compounds B555—556, 
B557-558 
electroseparation of B566—571 
ion chromatography of B550—551 
ion-pair chromatography of B551—554 
liquid chromatography of B550—559 
organometallic compounds B556—559 
Inorganic sorbents B692—693 
Inorganic species B519—578 
anions B530—531 
electroseparation of B559—577 
gas chromatography of B520-—536 
ion-exclusion chromatography of B548—550 
liquid chromatography of B536—559 
organometallics B532—536 
Insecticides B996 


Instrumentation A469—516 

Insulin B1101 

Integrated design A506 

Interaction energy A55—57 

Interferon B678 

Interhalogens B525 

Internal energy A42 

Internet B1135—1156 

Interpretive methods A77—79 

Intrinsic viscosities B673 

Inverse sum of resolution A73 

Iodate B539 

Iodide B546 

Iodine B522—523, B531, B547, B564 

Ion analyzers A500-—502 

Ion-beam lithography A433 

Ion chromatography A171—209 
combustion B542 
conductivity detection theory A180-183 
chelation B554—555 
detection in A180—186, B539—540 
instrumentation for A173—186 
sample handling for B540—543 
sample preparation for A203—207 
selectivity A186—203 
solute-zone separation A64—67 
suppressors A176—180 

Ion-exchange chromatography A191-197 
chromatofocusing B718—720 
retention mechanisms B712—717 
solute-zone separation A64—67 
sorbents B717—718 
types A194-—197 

Ion-exclusion chromatography 
detection B549 
eluents B548 
selectivity A198—201 
solute-zone separation A64—67 
stationary phases for B548 

Ionic strength B700 

Ion-induced dipole forces A42 

Ion-interaction chromatography see Ion-pair 

chromatography 

Ion/ion forces A42 

Ionization modes A500 

Ion-moderation partitioning B863—866 

Ion-pair chromatography 
detection B547 
eluents B546—547 


liquid chromatography B546—547 
stationary phases for B546—547 

Ion-pairing reagents A127, B546—547, 
B613-614 

Ion-pair reversed-phase chromatography 
B917-921 

Ion-projection lithography A433 

Ion-traps A419—420, A501, B1012 

Irgarol B991 

Tridium B525, B527 

Tron B552, B553, B558, B570 

Isoamyl acetate B1097—1098 

Isobutane B1098 

Isoelectric buffers B647—648, B649 

Isoelectric focusing A385—386, B634—640, 
B641 

Isoeluotropic A53 

Isoflavonols B1051 

Isoflurane B1097 

Isolectin B1060, B1061 

Isomerism B530 

Isoprenoids B1040—1050 

Isoprostaglandin B784—785 

Isoprostanes B766 

Isoproturon B1014 

Isosorbide B969 

Isotachophoresis A388—389 

Isotherms A46—47, A59—60 

Isotopes B526 


J 
Joule heating A305, A312 


K 


Kaempferol B1055, B1061 

Kessom forces A41—42 
Ketoconazole B973 

Ketomalonate B539 

Ketoprofen B958 

Kinetic Langmuir equation A59—60 
Knudsen flow A1l4—15 
Kozeny-Carman Equation A15 


L 


Labile proteins B709, B710 
a-Lactalbumin B711 
Lactic acid B545 


Al3 


Lactoferrin B701—702 
Laminar flow A15—16 
Langmuir equation A59-—60 
Lansoprazole B1108 
Lanthanides 
electroseparation of B570 
gas chromatography of B525, B526, B530 
ion chromatography of B555 
ion-pair chromatography of B551 
Lanthanum B553, B569, B570 
Large-scale separations A130-131 
Large-volume injection procedures A346 
Laser-induced fluorescence B594—595, 
B605-—607, B933-—935 
Latanoside B1105 
Layer-thickness gradients A286—287 
Lead B521-—523, B527, B532, B552—553, 
B569—572 
Leaded gasoline B534 
Lectins A154—155, B889-—890, B1060, B1061 
Leukotriene B783 
Levonantradol B1092 
LiChrosorb B854—858, B878, B881 
Lidocaine B948 
Ligands A113, A142—145, A155-—159, B1052 
Limit of detection B593—595, B598 
Linear alkylbenzene sulfonates B1014—1015 
Linear development modes A267—268 
Linear velocity A21—27, A31-33 
Linolenic acid B759, B795—796 
Lipids B739—822 
chemical characterization of B816—820 
combined identification methods for 
B761-763 
extraction of B741—747 
gas chromatography of B749—750, B753 
liquid chromatography of B750—752 
infrared spectrometry B763—765 
ion-exchange chromatography of B752 
isolation, individual classes B765—778 
mass spectrometry B754—763 
microfabricated devices A446—447 
molecular species resolution B779-811 
neutral glycerolipids B787—800 
nuclear magnetic resonance B763—765 
peak identification B753—765 
profiling B811-816 
quantification of B753-—765 
separation methods for B748—753 


Al4 


supercritical-fluid chromatography of 
B752-—753 
size-exclusion chromatography of A240 
solid-phase extraction of B745—747 
thin-layer chromatography of B748—749, 
B753-—754 
Lipolysis B820-821 
Liquid chromatography 
see also Column liquid chromatography 
with Fourier-transform infrared spec- 
trometry A417 
with gas chromatography A223, A347, 
A407-410 
with inductively coupled plasma mass 
spectrometry A416—417 
with mass spectrometry A416—25, 
B845-847, B959—964, B966-8, 
B1004, B1017-1018 
with nuclear magnetic resonance spec- 
trometry A417 
with photodiode-array spectrometry A416 
with tandem mass spectroscopy B1004, 
B1017-1018 
Liquid fuels B542 
Liquid/liquid extraction B948 
Liquid/liquid partitioning A316 
Liquid-phase diffusion coefficient A13—14 
Liquid polymers A387—388 
Liquid secondary-ion mass spectrometry B891 
Lithiated adducts B803-—804 
Lithium B523, B552, B569—570 
Lithography A432—433 
Loading phase A141 
London forces A39 
Longitudinal diffusion A18—19, A312, A323 
Lutetium B569 
Lysergic acid diethylamide B1091-—1092 


M 


McReynolds constant A327—328 
Macrocyclic effects A61—62 
Macromolecular porosimetry A228—229 
Magnesium B550-—553, B569, B570 
Magnetic-sector mass spectrometers B1006 
Maleate B539 

Maleic acid B545 

Malonate B539 

Manganese B552, B553, B569, B570 


Mannitol B719-—720 
Manual injection A479 
Marijuana B1092-—1096, B1097 
Marinol B1092 
Mass spectrometry 
atmospheric-pressure A226 
chemical ionization A226 
column liquid chromatography A120 
combined techniques A413-—414, 
A416-417, A418-425 
computer resources B1144-—1145, B1149, 
B1151-1153 
electron ionization B780—781 
fast-atom bombardment B754—755, 
B809-810 
in gas chromatography A413-—414, B761, 
B786—788, B1012 
in high-performance anion-exchange 
chromatography B875 
in high-performance liquid chromatography 
A498—502, B845—847, B959—968 
inductively coupled plasma A121, 
A225—226, A416-—417, B962—964 
in ion chromatography A186 
liquid secondary-ion B891 
magnetic-sector B1006 
matrix-assisted laser desorption ionization 
A226-—227, A229, A500, B761, 
B846-847 
matrix-assisted laser desorption ionization 
time-of-flight A226—227, B759-760, 
B806-809 
microfabricated devices A446—447 
negative-ion chemical ionization 
B761-762, B787—788 
negative-ion liquid secondary-ionization 
B806 
in planar chromatography A281 
in size-exclusion chromatography 
A224—227 
tandem B815—816, B959—968 
time-of-flight A501, B812—813, B846—847, 
B1006-—1007, B1012 
Mass transfer A19, A20, A313, A323 
Matrix effects A152—153 
Matrix removal A205-—206 
Maximum permissible time constant A37—38 
Mean free path A15 
Mefenorex B1087, B1089 


Membrane suppressor A178, A179 
Mendelevium B523 
Mercury 
electroseparation of B570, B572 
gas chromatography of B521-—523, B525, 
B527 
Metal chelate affinity A157—159 
Metal-chelate interaction chromatography 
A157-159, B613 
Metal chelates B556 
Metal ion derivatizing reagents B527 
Metallic oxides B525 
Metallo-cyanides 
ion-interaction chromatography of B547 
ion-pair chromatography of B547, B548, 
B551, B554 
Metalloid hydrides B524—525 
Metalloporphyrins B529 
Metals 
inorganic cations B569, B570—571 
ion chromatography B554 
ion-pair chromatography B551, B554 
trace determination B526—529 
Metamizole B1104 
Methacatinone B1086 
Methadone B1077- 1080, B1104—1105 
Methamphetamines B1085, B1090-—1091 
Methandrosterone B971 
Methane B524 
Methaqualone B1076 
Methenolone B1106 
Methoxycinnamic acid B1052-—1053 
Methscopolamine B973 
3-Methyl-L-histidine B552 
Methyl-DL-selenocystine B558 
Methylamine B552 
N-Methylbenzoxodiazolylbutanamine B1088 
Methyldigoxin B1105 
Methylecgondine B1083-1085 
Methylenedioxyamphetamine B1085-—1091 
Methylenedioxyethylamphetamine 
B1085-1091 
Methylenedioxymethamphetamine 
B1085-1091 
Methylephedrine B1107 
Methyl glycosides B884 
Methylmercury B521, B534—535, B557 
Methylphenidate B1085-—1086 
Methylsulfonate B539 


Al5 


Methyltestosterone B1106 
Methyltetrabutyl ether B1005 
Metolachlor B1014 
Metoprolol B959, B969 
Metronidazole B1104 
Micacurium B1102 
Micellar electrokinetic chromatography 
A390-393 
Micellar overload A312—313 
Micro-bore separations B953—955 
Micro-emulsion electrokinetic chromatography 
A301, A310-—313 
Microfabricated analytical devices A431-—462, 
B911-912 
capillary-array systems A448—450 
capillary electrophoresis A432—437 
computational fluid dynamics A461-—462 
field-inversion electrophoresis A439—440 
high-performance liquid chromatography 
B602 
immuno-assays A444—446, A447 
liquid chromatography B1057-—1058, 
B1060-1061 
mass spectrometry A446-—447 
micro-preparative methods A458-—459, 
A461 
micro-reactors A456—458, A460 
multi-dimensional separations A444 
preparative methods A458-—459, A461 
sample processing A451—454, A455 
screening A447—451 
system integration A451—461 
Microfluidic immuno-assays A444—446 
Microfluidic systems A431 
Microheterogeneity B674—684 
Micro-particulate resins and gels B864—866 
Micro-preparative methods A458-—459, A461 
Micro-reactors A456—458, A460 
Micro-satellites B1115-—1120 
Micro-separation B1057-—1058, B1060-1061 
Microwave-induced plasmas A414—415 
Midazolam B1100 
Migration A255, A304—305, A311, B641 
Miniaturization A129—130 
Minisatellites B1115—1120 
Mitochondrial DNA B1119-—1120 
Mobile phases 
gradients A286 
selectivity A187—190 


Al6 


multivariate optimization A86-88 
resistance to mass transfer A19 
role in adsorption A57—58 
univariate optimization A82—83 
Mobility determination B655—657 
Modular design A506 
Molal surface tension B699 
Molar enthalpy A43-—44 
Molar entropy A44 
Molar Gibbs free energy A44 
Molar mass distribution A235 
Molecular flow A14—15 
Molecularly imprinted polymers A114—115, 
B615, B952, B991—992 
Molecular interactions A39—43 
Molecular-mass distribution A230—237 
Molecular-sieve chromatography A70 
Molecular species resolution B779—811 
Molecular-weight distribution A69 
Molybdate B563 
Molybdenum B522, B525, B530, B564 
Monoacetylmorphine B1078 
Monoacylglycerols B746—747, B788—789 
Monochloroacetate B539 
Monofluorophosphate B544, B563 
Monomeric additives A301 
Monomethylarsonate B559 
Monomethylarsonic acid B557, B574, B575 
Mono-specific ligands A144-145 
Monoterpenes B1040-1042, B1043 
Morphine B952, B975, B1057, B1058, 
B1075-—1076, B1078 
Moving-bed separations A130-131 
Multi-angle laser light-scattering A222—223, 
B876 
Multi-capillary systems A459 
Multi-dentate bonded silica-based stationary 
phases A106-107 
Multi-dimensional development modes A268, 
A269—272, A276—277 
Multi-dimensional gas chromatography 
A333-336, A337-—340, A405-—407 
Multi-dimensional planar chromatography 
A290 
Multi-dimensional separations A389, A444 
Multi-locus probes B1116—1117 
Multi-modal separations A290—291 
Multi-path dispersion A17-18 
Multiple detectors A504, B966—968 


Multiple reaction monitoring B886—887 
Multiplexing B960 

Multi-variate methods A84—88 
Muramic acid B869 

Muscle relaxants B1101—1102 

Musks B996, B1000, B1021-—1022 
Mutations B674, B920 

Myricetin B1061 


N 


Nabilone B1092 

Naftopidil B965 

Nandrolone B1106 

Naproxen B952, B965, B967 

Narcotics B1096—1098 

Narrow-bore separations B953—955 

N-chamber A264—266 

Neodymium B553, B569 

Neomycin B973 

Neptunium B525 

Neritaloside B1105 

Nernst distribution coefficient A299 

Neurodegenerative disease markers A237 

Neuropeptides A412 

Neutral lipids B765—769, B779—782 

Nickel B522—523, B526—527, B552-553, 
B569, B572 

Nicotinamide B1076 

Nicotine B1058 

Niobium B558 

Nitrate B539, B544, B547, B549, B563, B1111 

Nitrazepam B974—975 

Nitric oxide B609—610 

Nitrite B544, B547, B563, B1111 

Nitroaniline B992 

Nitrogen B523 

Nitrogen dioxide B531, B564 

Nitrogen tetrahydride B550, B570 

Nitrogen trioxide B531, B550, B564 

Nitroglycerin B1111 

Nitrophenylamines B1111 

4-Nitrophenylarsonic acid B575 

Nivalenol B1044, B1045 

Nizatidine B1108 

Non-cholesterol plasma sterols B799-—800 

Non-enzymatic glycation B684 

Non-esterified fatty acids B746—747 

Non-glycosylated proteins B680-68 1 


Non-ionic surfactants B1015—1018 
Non-methylene-interrupted fatty acids B781 
Non-sialylated sphingolipids B767 
Non-specific interactions A143-144 
Norandrostendiol B1106 
Norandrostendione B1106 
Norbuprenorphine B1080-1081 
Norcocaine B1084 
Norcodeine B1078 
Nordiazepam B975 
Norephedrine B1086, B1107 
Normalized product of resolution A73 
Normal-phase high-performance chromato- 
graphy A98, A104—105, A121—124, 
B686-—697, B751, B791-792, 
B802-805 
Normorphine B1078 
9-Nortestosterone B1108 
Nortriptyline B948, B957 
Noscapine B1075 
Nuclear magnetic resonance A120, A227, 
A281, A417, B763—765, B964—967 
Nucleic acids 
anion-exchange chromatography of B915 
capillary electrophoresis of B921—932 
column liquid chromatography of B909, 
B912-913, B916-917 
detection of B932—935 
ion-exchange chromatography of B913-—915 
ion-pair chromatography of B917—921 
quantitation methods B912—921 
preparation of B908—912 
sequencing A439—442 
temperature-gradient electrophoresis of 
B922-—923 
Nucleosides B907, B916—917, B918, B930 
Nucleotides B907, B913—914 


O 


Occupational hygiene B543 
Occupational toxins B1108—1109 
Ochratoxin A B1110 
Octadecylsilica sorbents B857—859 
Odoroside B1105 

Off-line separations A283—284 
Oleandrin B1105 

Oligo-amides A235 

Oligomeric additives A301 


Al7 


Oligonucleotides B908—909, B1117—1118 
Oligosaccharides 
high-performance anion-exchange 
chromatography of B870—872, 
B873-—874 
reversed-phase liquid chromatography of 
B860 
size-exclusion chromatography of 
A239-—240 
Omeprazole B1108 
On-capillary complexing B567 
On-column derivatization B595, B597 
On-column injection A343—346 
On-line sample pre-treatment A206—207 
On-line solid-phase extraction A409-—412, 
B949-951, B993 
Open capillaries A301-—302, A306 
Open-tube capillary electrophoresis 
A384-385 
Opiates B1075-—1077, B1078—1079 
Opioids B1075-1081 
Optical isomerism B530 
Optical spectroscopy A279—280 
Optimization A72—88, A128 
Optimum velocity A21—27, A31—33 
Organic pollutants B998— 1001 
persistent B1007-—1011 
Organoarsenic B559 
Organochlorine pesticides B991, B996 
Organolead B534—535 
Organomercuric halides B535 
Organomercury B534—535 
Organometallics B532—536, B556—559, 
B572-575 
Organophosphate B1109-1110 
Organophosphorus B996 
Organotin B522, B535—536 
Orientation forces A325 
Orthogonal-acceleration reflectron time-of- 
flight A420 
Orthophosphate B544 
Osmium B523, B525 
Overlay binding B888-—891 
Overpressured-layer chromatography 
A256—257, A273-274, A288 
Oxalate B539, B544 
Oxazepam B955 
Oxidized acyl chains B810-—811 
Oxo-acylglycerols B797—799 


Al8 


Oxo-fatty acids B782—787 
Oxo-halides B540 
Oxo-phospholipids B809-811 
Oxo-triacylglycerols B768—769 
Oxprenolol B959 
Oxyphenbutazone B1107 


P 


Packed-bed suppressors A177—178 


Packed capillaries A301—302, A303-—304, 


A306-310 


Packed columns A327 

Packing materials B612—613 
Paclitaxel B955, B969 

Palladium B523, B526, B527 
Pancuronium B1101—1102 
Pantopraxole B1108 

Papaverine B1075 

Paracetamol B957, B965—966, B975, 


B1104 


Paraquat B1014 
Passive sampling B990—991 
Poly(chlorinated biphenyls) B1009 


Polymerase chain reaction-based technologies 


B929 


Peak capacity A215 
Peak dispersion A305, A307-—310, 


A312-313 


Peak identification B753-—765 
Pectins B872—873, B879 
Pentaerythritol tetranitrate B1111 
Pentamidine B952 

Pentanesulfonate B563 

Pentose B906 

Pentylated a-cyclodextrin B885—886 
Peptides 


absolute mobility B655—657 
affinity chromatography of A159—160 


capillary electrophoresis of B618—620, 


B647-—660 

capillary electrochromatography of 
B615—620 

gel electrophoresis of B634—647 

hydrolysis B588—589 

isoelectric focusing B636, B637 

liquid chromatography of A423-—424, 
B611-619 

mapping B709 


microfabricated devices for A455 
tetrameric A159 
Perbenzoylation B857—858 
Perchlorate B543-—544, B1111 
Performance criteria A72—74 
Perfusion chromatography B697 
Periodate oxidation B845-—846 
Permanent-coating ion-pair chromatography 
B546 
Permeability A216—217, A322 
Personal-care products B1018—1022 
Pesticides 
column/column liquid chromatography of 
A411-412 
gas chromatography of A407, B1011—1012 
liquid chromatography/mass spectrometry of 
A423, B1012—1013 
quantitative analysis of B1011—1014 
size-exclusion chromatography of 
A240-241 
thermal lability B1012 
in water B992 
in wine A409 
Petroleum A334 
Petroleum fractions A409 
pH gradients B636—640, B641, B719—720 
Pharmaceuticals A421—422, B1018—1022 
Phase ratio A27—29, A321—322 
Phase types A327-331 
Phenacetin B955, B957, B966—968 
Phenazone B975 
Phenethylamines B1085-—1087, B1089-1091 
Phenobarbital B1076 
Phenolic compounds B1050-1055 
Phenolphthalin B1076 
Phenylalanine B552, B605—607 
Phenylarsenic oxide B575 
Phenylarsonate B559, B574—575 
Phenylboronic acid A157 
Phenylbutazone B1107 
Phenylmercuric acetate B574 
Phenylpropanes B1052-—1053 
Phenylpropanolamine B1086 
Phenyl Sepharose B709—710 
Phenylurea B992, B1013 
Phenytoin B952 
Phosfamide B966 
Phosphate B539, B544, B563, B564 
Phosphatidylcholine B746-—747 


Phosphatidylethanolamine B745—747 
Phosphatidylglycerol B745—747 
Phosphatidylinositols B745—747, B758—759, 
B773-778 
Phosphatidylserine B745—747 
Phosphine B523—524 
Phosphite B563 
Phospho-amino acids B608 
Phospholipase C B751—752 
Phospholipase D B822 
Phospholipids B742—743, B769—777 
Phosphorus B522—523, B525 
Photodiode array A223—224, A416, B844 
Photolithography A432—433 
Photon correlation spectrometry A233 
Phthalates A409, B539, B1023, B1111 
Phthalic acid B545 
Phytic acid B747 
Phytochemical analysis B1037-—1061 
alkaloids B1057—1059 
micro-separation B1057— 1058, 
B1060-1061 
phenolic compounds B1050-1055 
sample preparation B1038—1040 
terpenoids B1040—1050 
tocopherols B1054—1056 
Piperacillin B951 
Piperidine alkaloids B1059 
Planar chromatography A253-—291 
chambers A262—266 
development modes for A267—272 
flame-ionization detection A285 
flow velocity in A266—267 
instrumentation for A273—278, A287, A289 
layer-thickness gradients A286—287 
mobile-phase in A255, A286 
preparative methods in A282—285 
principles of A257—273 
qualitative analysis A277—281 
quantitative analysis A282 
sample application for A260, A287, A289 
stationary phases for A255, A258—260 
vapor phase in A262—266 
Plants B1037—1044, B1075—1076 
Plasma lipoprotein phospholipids B789 
Plasticizers B1023-1024 
Plate heights A3-6, A20—33, A322 
Plate number A7—8, A20—33, A88 
Platinum B523, B527, B572 
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Plutonium B525 

Poiseuille flow A15—16 

Poisson-Boltzmann equation B715 

Polarizability A39—40 

Polyacrylamide gel electrophoresis B640—647 

Polyacrylamide polymer sorbents B691—692 

Polybrominated compounds B1000 

Poly(brominated diphenyl ethers) B1010-—1011 

Poly(chlorinated biphenyls) A339, B991, B996, 
B1005, B1007-1010 

Polychlorinated compounds B1000 

Polycyclic aromatic hydrocarbons A455, B991, 
B992, B996, B1005 

Poly(dimethylsiloxane) A434—435, A453—454 

Polyesters A236 

Polygalacturonic acids B872 

Polymer additives A313-—314 

Polymerase chain reaction A439—440, B929, 
B1116-1117 

Polymeric packing columns B956—957 

Polymers A230—237, A379, A387—388, A434 

Poly(methyl methacrylate) A453—454 

Polymorphisms B920, B929, B1115—1120 

Polypeptides A237—238 

Polyphosphates B544 

Polysaccharides B876—880 

Polystyrene sorbents B691-—692 

Polystyrene standards A69—70 

Polystyryllithium A234—235 

Polyterpenes B1049-—1080 

Polythionates B547-—548 

Polyunsaturated fatty acids B765—766 

Polyvinylstyrene sorbents B691—692 

Pore size A69—70, B688—689 

Porous beds A303-—304 

Porous graphitic carbon A110 

Position- and time-resolved ion counting B875 

Post-column derivatization A279, B595—596 

Post-column reaction detection A185 

Post-translational modifications B675—677 

Potassium B523, B550, B552, B569—570 

Praseodymium B553, B569 

Pre-capillary complexing B567 

Pre-column derivatization A279, B595—596, 
B605—606 

Pre-concentrator columns A204—205 

Preferential-interaction parameters B702—703 

Preparative chromatography A282—285, B1040 

Pressure A84, A315—316, A332—333 


A20 


Pressurized capillary electrochromatography 
B930 
Progestogens B1019 
Programmed-temperature vaporizer A345-—346 
Promethazine B949, B958 
Propane B1098 
Propanesulfonate B563 
Propionate B539, B563 
Propranolol B952, B958, B959 
Proscilardin B1105 
Prostaglandins B782—783 
Prostanoids B782—787 
Proteases B678-—679 
Proteins 
capillary electrophoresis of B647—655, 
B658-659 
chromatofocusing of B718—720 
chromatography of B669—728 
folding/unfolding B658—659 
free-zone electrophoresis of B647—660 
gel electrophoresis of B634—647 
hydrophobic-interaction chromatography of 
B697—709 
intrinsic viscosities B673 
ion-exchange chromatography of B712—720 
liquid chromatography/mass spectrometry of 
A420, A423-—424 
microfabricated devices A442—446, A447 
microheterogeneity of B674—684 
normal-phase liquid chromatography of 
B686—697 
precipitation of B947—948 
rapid analysis of A442—447 
retention factor B720—721, B722 
reversed-phase liquid chromatography of 
B697, B703—705, B707, B708—712 
salting-out chromatography of B697—703 
size-exclusion chromatography of 
A237-—238, B720—726 
self-interaction chromatography of 
B673-674 
stability B685—686 
structure B670—674 
Protein/sodium dodecylsulfate complexes B641 
Proteomics B726—727 
microfabricated devices A442—446, A447 
size-exclusion chromatography A238 
software resources B1153—1154 
Protocatechuic acid B545 


Pseudo-cell size-exclusion chromatography/ 
mass spectrometry A225 
Pseudoephedrine B1086, B1107 
Psilocin B1092 
Psilocybin B1092 
Pulsed-field gel electrophoresis B922 
Pulse dampers A477—478 
Pumps 
for column liquid chromatography 
A100-101, A102, A475—478 
for microfabricated devices A451—453, 
A456 
Purine B932 
Purnell Equation A6 
Pyrethroid pesticides B996 
4-(2-Pyridylazo)resorcinol B551 
Pyrimidine B932 
Pyruvate B539 
Pyruvic acid B545 


Q 


Quadrupole mass spectrometry A419, A501, 
B1012 

Qualitative analysis A277—281 

Quantitative analysis A282, A422—423, 
B753-765, B912—921, B1004—1024 

Quantitative structure/activity relationships 
A127-128 

Quercetin B967, B1054, B1055, B1061 

Quinate B539 

Quinine B1058 


R 


Rr value A269, A277—278 

hRy value A278 

Ry value A278 

Rabeprazole B1108 
Radio-immuno-assay A143, A144 
Raman spectroscopy A227, A280 
Ranitidine B1108 

Raoult’s Law A45 

Rare earths B554, B569—571 
Rate theory A9, A17 

Reboxetine B949 

Recombination proteins B711 
Reducing agents B646—647 
Refolding B725 


Refractive-index detector A118 
Regeneration phase A141-142 
Regression methods A77—79 
Resistance-to-mass transfer A19—20, A26, 
A28-30 
Resolution A2—9, A38, A73-—74, A88 
Response factor A349-—351 
Restricted access materials A411—412, B951, 
B992—993 
Resveratrol B1052, B1054—1055, B1061 
Retention factor 
electrokinetic chromatography A299, 
A304-305, A311 
hydrophobic-interaction chromatography 
B697—703 
ion chromatography A197 
ion-exchange chromatography B712—717 
multivariate optimization A85 
resolution A7—9 
reversed-phase liquid chromatography 
B703-—705 
size-exclusion chromatography A220, 
B720—722 
solute-zone dispersion A28—31 
theory of A3-9, A88 
univariate optimization A82—83 
Retention time A3-9 
Retention volume B714 
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